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Abstract 
Radio frequency (RF) switches based on capacitive MicroElectroMechanical 
System (MEMS) devices have been proposed as replacements for traditional solid-
state field effect transistor (FET) devices.  However, one of the limitations of the 
existing capacitive switch designs is long-term reliability.  Failure is generally 
attributed to electrical charging in the capacitor’s dielectric layer1, 2 that creates an 
attractive electrostatic force between a moving upper capacitor plate (a metal 
membrane) and the dielectric.  This acts as an attractive stiction force between them 
that may cause the switch to stay permanently in the closed state.  The force that is 
responsible for opening the switch is the elastic restoring force due to stress in the 
film membrane.  If the restoring force decreases over time due to stress relaxation, the 
tendency for stiction failure behavior will increase.  Au films have been shown to 
exhibit stress relaxation even at room temperature.
3, 4
  The stress relaxation observed 
is a type of viscoelastic behavior that is more significant in thin metal films than in 
bulk materials.   
Metal films with a high relaxation resistance would have a lower probability 
of device failure due to stress relaxation.  It has been shown that solid solution and 
oxide dispersion can strengthen a material without unacceptable decreases in 
electrical conductivity.  In this study, the viscoelastic behavior of Au, AuV solid 
solution and AuV2O5 dispersion created by DC magnetron sputtering are investigated 
using the gas pressure bulge testing technique in the temperature range from 20 to 
2 
 
80˚C.  The effectiveness of the two strengthening approaches is compared with the 
pure Au in terms of relaxation modulus and 3 hour modulus decay.  The time 
dependent relaxation curves can be fitted very well with a four-term Prony series 
model.  From the temperature dependence of the terms of the series, activation 
energies have been deduced to identify the possible dominant relaxation mechanism. 
The measured modulus relaxation of Au films also proves that the films 
exhibit linear viscoelastic behavior.  From this, a linear viscoelastic model is shown 
to fit very well to experimental steady state stress relaxation data and can predict time 
dependent stress for complex loading histories including the ability to predict stress-
time behavior at other strain rates during loading. 
Two specific factors that are expected to influence the viscoelastic behavior-
degree of alloying and grain size are investigated to explore the influence of V 
concentration in solid solution and grain size of pure Au.  It is found that the 
normalized modulus of Au films is dependent on both concentration (C) and grain 
size (D) with proportionalities of C
1/3 
and D
2
, respectively.  A quantitative model of 
the rate-equation for dislocation glide plasticity based on Frost and Ashby
5
 is 
proposed and fitted well with steady state anelastic stress relaxation experimental 
data. 
The activation volume and the density of mobile dislocations is determined 
using repeated stress relaxation tests in order to further understand the viscoelastic 
relaxation mechanism.  A rapid decrease of mobile dislocation density is found at the 
3 
 
beginning of relaxation, which correlates well with a large reduction of viscoelastic 
modulus at the early stage of relaxation.  The extracted activation volume and 
dislocation mobility can be ascribed to mobile dislocation loops with double kinks 
generated at grain boundaries, consistent with the dislocation mechanism proposed 
for the low activation energy measured in this study. 
4 
 
1. Introduction 
1.1 Background information 
Thin films play important roles in many applications, especially as structural 
and electronic components in microelectromechanical system (MEMS) devices.  A 
MEMS device designed for radio frequency (RF) applications is the RF MEMS 
capacitive switch.  This switch involves metal-on-dielectric contact, with the 
switching operation accomplished by mechanical movement.  One of the main 
mechanical failures of the switch is due to the stiction between the top, thin film 
metal layer and the dielectric layer.
1, 2
  Since a large voltage is required to operate the 
switch from the open to the closed state, electrical charge can accumulate in the 
dielectric layer.  This charge creates an electrostatic attractive force between the 
metal membrane and the dielectric layer which can cause the switch to fail to open 
when the activating voltage is removed.
2, 6
  The opening force is provided by tensile 
stress in the thin metal membrane.  If the elastic restoring force decreases over time 
due to stress relaxation in the membrane, the tendency for this mode of failure will 
increase.   
It has been shown that the viscoelastic behavior of thin films is a primary 
consideration in evaluating the reliability of films for MEMS switch performance.
4, 7
  
Au thin films are particularly employed for RF MEMS switches because of their high 
electrical conductivity, chemical inertness, and resistance to oxidation and corrosion.
6
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However, since Au films exhibit significant stress relaxation behavior at room 
temperature,
8, 9
 they can fail in MEMS capacitive switch applications.   
In bulk metals, one common way to strengthen a material and reduce the 
stress relaxation is by creating metal alloys.  However, due to the limited 
manufacturing methods available for fabrication of thin films and the electrical 
requirements for applications of RF MEMS, there are not many options for 
controlling alloy composition and microstructure.  Alloying the metal films must not 
result in loss of the desirable electrical properties or the ease of processing.  It has 
been shown that solid solution and oxide dispersion strengthening can achieve high 
hardness while retaining reasonable electrical conductivity, and both methods are 
compatible with standard thin film processing techniques.
10
  These classes of 
materials are therefore potential candidates to begin to understand the effects of 
alloying on stress relaxation. 
Furthermore, the MEMS capacitive switch must be able to operate under 
various applied strain rates and operating temperatures.  It has been reported that 
relaxation in gold is strongly dependent on both temperature and strain rate.
8, 9
   
Increasing temperature increases both the magnitude and rate of stress relaxation,
7
 
making switches made with this material more vulnerable to failure at high 
temperature.  However, nothing has been published about the temperature 
dependence of stress relaxation of solid solution and oxide-dispersion strengthened 
gold thin films.  Hence, investigation of such films at different temperatures and 
strain rates is important to predicting the reliability of capacitive MEMS switches. 
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Some other material properties that are expected to influence the viscoelastic 
behavior of Au and Au alloys are also investigated, such as the effect of grain size 
and the effect of solute concentration.  Furthermore the mechanism responsible for 
stress relaxation in thin films has been studied through the determination of the 
activation energy, activation volume and density of mobile dislocations in the 
materials. 
 
1.2 Thin film fabrication and mechanical properties 
In the semiconductor industry, fabrication of integrated circuits requires 
placing many different thin film layers of different metals and insulators in direct 
contact with one another.  The desired materials may be in layers from tens of 
nanometers to micrometers in thickness.   For MEMS devices, Au thin films are often 
the order of one to several micrometers thick.  As noted above, Au is often chosen for 
its electrical conductivity and its chemical inertness.   
1.2.1 Thin film deposition methods 
There are many different physical and chemical techniques for depositing thin 
films.  However, the objective of this thesis is not to cover all techniques and only  
Physical Vapor Deposition (PVD)
11
 including sputtering, cosputtering, and reactive 
cosputtering are discussed. 
- Sputter deposition 
In sputter deposition, a vapor flux from a solid target surface is produced 
when the solid surface is bombarded with energetic particles such as accelerated ions.  
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This is typically achieved by applying a negative voltage to the target in an inert gas 
environment such as Ar.  The Ar
+
 ions created in the glow discharge that is formed 
are accelerated toward the target, ejecting atoms of the target material which then 
deposit on a substrate.  Three fundamental hardware configurations for thin film 
coating consist of DC sputtering, RF sputtering, and the magnetron arrangements. 
Figure 1.1 shows schematically the essential arrangement for DC sputtering.  
 
Figure 1.1 Schematic diagram of DC sputtering system.
12
 
In magnetron sputtering, magnets are placed under the target with a north 
pole-oriented magnet at the center and a ring of south pole-oriented magnets in a band 
at the edge of the target as presented in Figure 1.2.  Magnetron sources are superior to 
diode sources because they provide a magnetic field that confines the motion of 
electrons near the target surface, causing denser plasma.  This leads to improved 
sputtering efficiency, higher deposition rate and a reduction in substrate 
bombardment.
13
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Figure 1.2 Cross-sectional view of magnetron sputtering arrangement.
12
 
 
- Cosputter deposition 
The cosputter deposition technique is sputtering as described above but using 
more than one target material.  Cosputter deposition is used in this study to fabricate 
Au-V solid solution thin films.  We use two alloy targets (A, B) in the sputtering 
system.  The composition of the sputtered alloy films is generally controlled by 
regulating the power to the individual sputtering targets.  Figure 1.3 shows the sputter 
yields vary periodically with the element’s atomic number such as Au, Ti, and V for 
sputtering with Ar
+
 at 400eV.  
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Figure 1.3 Sputter yield vs atomic number of elements such as Au, Ti, and V for 
the sputtering gas of Ar
+
.
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In this work, the binary alloy Au-V is selected and fabricated as a solid 
solution thin film.  The Au-V phase diagram contains single and multiple phases as 
shown in Figure 1.4.  In the composition range of less than 13 at % or 4 wt % of V in 
Au matrix, a solid solution with no intermetallic compounds exists.  A AuV solid 
solution is expected to have similar structure as pure Au and acts as a model material 
to study solid solution strengthening on stress relaxation behavior.   
10 
 
 
Figure 1.4 Au-V (Gold-Vanadium) phase diagram.
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- Reactive sputter deposition 
Reactive sputter deposition is the sputtering of an elemental target in the 
presence of a gas that will react with the target material to deposit a compound or 
multiphase thin film.
16, 17
  In this method, Ar is typically used as the main sputtering 
gas to deposit films from Au and V metallic targets.  For oxide compound thin films, 
O2 is added to react with one or more of the metals during deposition, in our case with 
V, creating oxide material automatically.  Thin oxide films processed by reactive 
sputter deposition can be low cost and have high purity, but it is difficult to control 
the critical composition of the process.
18
  Insufficient O2 will lead to incomplete 
oxidation of the film.  On the other hand, when the sputtering rate is below the gas 
adsorption rate at the target, then ‘poisoning’ of the target can occur.  Severe 
11 
 
oxidation of the target surface under high O2 conditions significantly decreases 
sputtering rate.  Thus a suitable amount of oxygen partial pressure is required to 
create desirable thin films. 
   1.2.2 Thin film mechanical properties 
Since thin films have been used primarily as structural components in a 
variety of applications, the mechanical properties of thin films are critical for 
potential reliability of the devices.  These properties can be partially explained by the 
microstructure of thin films.  The final microstructure of a thin film on a rigid 
substrate is controlled by the deposition process and any subsequent thermal 
treatment.  Often, thin metal films have either a columnar grain structure or a finer 
microstructure with smaller equiaxed grains. 
One of the important microstructures of typical films is their small grain size.  
The hardness and strength of the films increase as the grain size decreases following 
the Hall-Petch relation.  The flow stresses of thin metal films deposited on rigid 
substrates are therefore obviously higher than those observed in the corresponding 
bulk metal.  The flow stress also tends to increase with decreasing film thickness.  
This is because the geometrical constraints on the films, which obstruct dislocation 
motion.  Based on bulk material behavior, solid metals are generally assumed to have 
small viscoelastic behavior at room temperature due to their crystalline structures.  
However, when the metals have nanoscale grain size as they may in thin film 
materials, they tend to show room temperature viscoelasticity.
19
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In summary, the mechanical properties of thin films are different from those 
of bulk materials.  This can be explained by their microstructure, their large surface to 
volume ratio, and the importance of attachment of a film to its substrate which 
influences dislocation motion.
20
  In order to strengthen thin films, we can increase the 
number of dislocation interactions with other dislocations (strain hardening), solute 
atoms (solid solution strengthening), grain boundaries, precipitates (precipitation 
hardening), and dispersoids (dispersion strengthening).  The rest of the chapter briefly 
discusses only three strengthening mechanism related to this study: solid solution 
strengthening, oxide dispersion strengthening, and grain boundary strengthening. 
- Solid solution strengthening 
A solid solution is compositionally homogeneous.  The solute (impurity) 
atoms are randomly distributed throughout the matrix and form either a substitutional 
or an interstitial solid solution.  It has been shown that the addition of solute results in 
an attendant increase in yield and tensile strength compared to pure metals.  For 
example, Bannuru’s results10 showed that solid solutions of V in Au films have 
greater hardness than pure Au.  This strengthening results from elastic, electrical and 
chemical interactions between solute atoms and dislocations.
21
  Of these, the elastic 
interactions are the most important and will be discussed here.  The strengthening due 
to elastic interactions is the result of stress fields surrounding the solutes and 
dislocations.  The following parameters are used to characterize the solute atoms in 
their interactions with dislocations:
22
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1) The size misfit measured by the percentage change in the lattice parameter (or 
Burger vector b) on alloying (concentration c) 
 
  
 
 
  
  
  
  
1.1) 
2) The change of the shear modulus G with alloying as a measure of the change 
in binding on the introduction of the solute atom 
 
  
 
 
  
  
  
                                    
1.2) 
Both of these interactions are of long range and can be calculated 
approximately by elasticity theory.  At close distances between a dislocation and a 
solute atom, there is a “core” interaction which is of short range and thermally 
activated.  It is useful to exclude the core interaction by measuring alloy hardening in 
the temperature range where the critical shear stress is no longer temperature 
dependent, thus obtaining the so-called “Plateau stress” τp. 
According to Fleischer
23
 and Labusch
24
, the contribution of solid solution 
hardening τp to the total critical shear strength depends on the concentration c, the 
exponents p and q, and a hardening parameter ε which is a combination of δ and     
       
            1.3) 
where Z is constant, and     is the critical resolved shear stress of pure metal. 
Eq.1.3) can therefore give the relationship to predict the relative strengthening 
effects of different solute atoms on a particular solvent.  For example, Jax et al.
22
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investigated the solid solution hardening τp of Au-In, -Cd, -Ga, -Zn, and -Ag.  The 
values of τp were determined at temperature above 500 K by the usual single slip 
transformation in compression in an Instron machine.  Figure 1.5 shows the results of 
concentration dependence of the plateau stress τp of Au alloys.  Based on their 
measurement of critical resolved shear stress, the relationship of strength and 
concentration of Au alloys is well described as τp α c
2/3
. 
 
Figure 1.5 Critical shear stress for solid solutions of Au. 
Some papers describe the solid solution hardening in alloys as either the size 
effect or the modulus effect alone.
22, 25
  However, the results of Jax et al. prove that it 
is impossible to fully explain the hardening by only one parameter.  For example, 
based on the value of size misfit alone as presented in Table 1.1, Au-Ga should be 
harder than Au-Ag, but much softer than Au-Cd, Au-Zn, Au-In.  This is not the case 
since Ga has the strongest effect in this series of Au alloys as shown in Figure 1.5.  It 
is observed that the influence of solid solution hardening in these alloys is a 
15 
 
combination of parameters of solute misfit and the change of modulus.  Jax et al.
22
 
suggested the combination which matches quite well in shear stress from their 
experiment.  The expression is given by ε = |ɳ'|+16|δ|.  The degree of solid solution 
hardening (dτp /dc
2/3) of Au as it depends on ε is plotted in Figure 1.6.  The results 
provide the data about which alloying elements exhibit higher solid solution 
hardening. 
 
Table 1.1 The values of solute misfit and local change modulus of Au alloys 
 
Figure 1.6 Specific hardening dτp/dc
2/3 
vs. the combined misfit and elasticity 
parameters. 
There are also publications considering the hardening effect of materials other 
than Au alloys.  Wesemann
26
 prepared molybdenum alloys with Cr, Re, Ta, Ti, and 
16 
 
W additions and  measured the mechanical properties at room temperature (including 
Vickers hardness measurements).  They found that Mo-Cr showed the highest solid 
solution hardening followed by Ti, Ta, and Re, which matches the expectations of the 
combined misfit and elasticity model. 
- Oxide dispersion strengthening 
This type of strengthening is advantageous at elevated temperature where a 
microstructure can be more stable than other alloys due to the very high melting point 
of oxide particles.  The oxide particles that are homogeneously dispersed in the metal 
matrix block dislocation motion and also restrict high temperature recrystallization 
that would lead to larger grain size and reduced mechanical strength.
27
  The strength 
of the oxide dispersion-strengthened alloys is therefore due to the factors of particle 
size, volume fraction (particle spacing), deforming vs non-deforming type, particle 
shape (spherical or non-spherical) and the kind of the boundary between the particle 
and the surrounding matrix.  It is evident that yield strength increases as a function of 
oxide volume fraction (decreasing particle spacing).
21, 27
  The relationship between 
particle spacing and oxide volume fraction can be defined by
21
 
 
  
  
  
      
1.4) 
where λ is particle spacing or “mean free path”, d is particle size, and f is volume 
fraction.   
The dispersoid is effective in blocking the movement of dislocations, 
demanding that a higher stress be applied to a dislocation to cut through the finely 
17 
 
dispersed particles.  Previous work on mechanical properties in terms of hardness of 
Au-V2O5 dispersion used  nanoindentation at room temperature.
10
  The results shown 
in Figure 1.7 demonstrate that Au-V2O5 films have a greater hardness at a given V 
concentration than solid solutions.   
 
Figure 1.7 Hardness vs. at %V of AuV and AuV2O5 films measured by 
nanoindentation.
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- Grain-size strengthening 
The presence of grain boundaries can greatly influence the mechanical 
properties of a material due to the interactions between dislocations and grain 
boundaries.  There are two important roles of the grain boundary which act as a 
barrier to dislocation motions.  The first role is the difficulty for dislocation to pass 
through two different grain orientations.  The others is the atomic disorder within a 
grain boundary region which contributes to a discontinuity of slip planes from one 
grain to  the next .
28
  Typically, a fine-grained material is stronger than a coarse-
18 
 
grained material due to a greater total grain boundary area.  The classical effect of 
grain size on yield stress can be described by the Hall-Petch equation: 
           
     1.5) 
where σ0 is the intrinsic flow stress, d is grain size and k is a material constant 
coefficient.  It is noted that Eq 1.5) is not valid for both very large grain and 
extremely fine grain materials as shown in Figure 1.8. 
 
Figure 1.8 Hardness or strength of a material as a function of the grain size.
29
 
   The condition of grain size strengthening is based on the pile-ups of 
dislocation loops against grain boundaries.  This mechanism must break down when a 
material reaches a maximum strength at a critical grain size, dc, at which the distance 
between the dislocations piling up against the grain boundaries become comparable to 
the grain size.
30
  For Cu, as an example, the critical grain size which can be termed 
“strongest grain size” is  estimated to be  approximately 50 nm which is  consistent 
with  experimental results by Chokshi et al.
31
 as shown in Figure 1.9.  The plastic 
19 
 
behavior of a material below the critical grain size is not fully clear.  Some authors 
reported some possible mechanisms for such a softening effect due to coble creep, 
grain boundary sliding and grain boundary triple junctions.
32
 
 
Figure 1.9 Inverse Hall-Petch behavior in nanocrystalline Cu (       0 denoted 
the hardness increment, D the grain size).
30
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1.3 RF MEMS capacitive switch 
     1.3.1 Switch design and operation  
An RF MEMS capacitive switch is one major application of MEMS devices 
designed for radio frequency (RF) applications as shown in Figure 1.10.
33
  It offers 
several advantages such as reduced weight, low power consumption, high linearity, 
low insertion loss, and potentially low cost as compared to solid state switches.
34
  
This switch involves metal-on-dielectric contact, with the switching operation 
accomplished by mechanical movement.  Figure 1.10 shows the switch with a thin 
metal film membrane which is clamped at both ends.  Beneath the membrane and 
spaced a few micron below is an electrode coated by a dielectric layer.   
 
Figure 1.10 Top view and cross section of RF MEMS capacitive switch.
33
 
When a voltage is applied to the lower electrode, the membrane is pulled 
down until it suddenly comes in contact with the dielectric, which is called the 
“down” state.  In this state, the RF signal is shorted to ground and no RF signal flows 
along the transmission line output.  In order to move the switch from “down” state to 
21 
 
“up” state, the voltage is removed from the bottom electrode, and elastic restoring 
forces in the moving part of the device enable the membrane to return to its “up” 
state.  In the “up” state, the membrane is suspended above the bottom electrode, and 
the gap is relatively large allowing the RF signal to pass through the device.   
A schematic diagram showing “up” and “down” states of an RF MEMS 
capacitive switch is shown in Figure 1.11.  It is noted that capacitive switches can 
also be made using cantilever beams, clamped at only one end.  This study focuses 
only the capacitive switches on the fixed-fixed beam design. 
 
Figure 1.11 Schematic diagram of operation of RF MEMS capacitive switch. 
 
1.3.2 Stress relaxation related to failure of the switch 
One of the major concerns of MEMS components is the reliability for long-
term applications.  For RF capacitive MEMS switches, the primary failure 
mechanism is the “stiction” between the metal layer (top electrode) and the dielectric 
22 
 
layer covering the bottom electrode.
1, 2
  Since a large voltage is required to actuate a 
switch, there can be a significant amount of charge accumulation in the dielectric 
layer of the devices.  This charge creates an electrostatic attractive force between the 
metal membrane and the dielectric layer which can cause the switch to fail to reopen 
when the activating voltage is removed.
6
  However, dielectric charging is not the only 
mechanism that contributes to stiction failure of a switch.  There is also a mechanical 
component related to the stress in the membrane.  The force associated with the stress 
in this membrane opposes the electrostatic force to return the switch to an open state, 
thus it is known as the “restoring force”.  If the membrane stress relaxes over time, 
the corresponding elastic restoring force will also decrease with time, which increases 
the tendency for this failure behavior.    
It has been reported that the time-dependent mechanical response of a typical 
metal thin film used in an RF MEMS switch consists of a combination of two distinct 
components: viscoelastic and viscoplastic.
4, 7
  Stress relaxation by either component 
will reduce the restoring force, but only the viscoplastic component is a permanent 
change.  The viscoplastic component can be exhausted by doing multiple stress 
relaxation cycles (i.e., repeatedly applying a constant load for a fixed time) or a single 
cycle for a long time until a film reaches a steady state condition, after which it shows 
only a viscoelastic response.
7
  In this study, the multiple relaxation cycles are chosen 
rather than a single cycle to allow for frequent evaluations of the remaining 
viscoplasticity.  This implies that it may be possible to “burn in” a device to achieve a 
more stable condition by exhausting the viscoplastic relaxation prior to the final 
23 
 
testing of device performance.  However, the viscoelastic behavior will continue to 
reduce the restoring force in the membrane and influence the reliability of the switch 
even after all permanent relaxation is complete.  If the viscoelastic relaxation can be 
accurately predicted and/or reduced by proper alloying, it may be possible to design 
the RF MEMS to be highly reliable even with viscoelastic behavior present.  
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1.4 Viscoelasticity in thin metal films   
1.4.1 Definition and previous study 
Viscoelastic (or anelastic) behavior is an intermediate behavior between 
elastic and plastic behavior.  Viscoelasticity is different from elasticity and plasticity 
since it is time dependent but involves no permanent deformation as shown in Figure 
1.12. 
 
Figure 1.12 Elastic, plastic, and viscoelastic/anelastic behavior of materials. 
Viscoelasticity gives rise to some common phenomena which are known as 
creep, and relaxation.  Creep is a deformation of a material under constant stress and 
the strain increases with time.  In contrast, stress relaxation is the gradual decrease of 
stress when the material is held at constant strain.
35
  Since the real conditions of RF 
MEMS switches matches well with constant strain operation, stress relaxation is the 
focus of this study.   
Common metals, such as steel or aluminum, exhibit small effects of some 
viscoelastic response at room temperature and at small strain.  However, the fine 
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grain structure in thin films influences mechanical properties including 
viscoelasticity.  Many researchers have reported that several thin film materials 
exhibit time dependent deformation as a result of creep and relaxation.  Au films 
which are commonly used in MEMS switches exhibit significant stress relaxation at 
room temperature.  Yan et al.
4
 reported that a 27 % reduction in the effective elastic 
modulus occurs over a three-day period under constant strain conditions at room 
temperature.  The operating temperature range of RF MEMS switches typically 
exceeds room temperature.  Higher temperatures are expected to have an influence on 
relaxation behavior.
8, 9
  McLean et al.
7
 reported that relaxation is strongly dependent 
on temperature in the temperature range of 20-80 °C.  They showed that increasing 
temperature increases both the magnitude and rate of stress relaxation, making 
switches made with this material more vulnerable to failure at high temperature. 
Additionally, viscoelastic behavior is observed to be sensitive to strain rate.  
The strain rate dependence of thin films has been widely studied for all standard 
properties: elastic, viscoelastic, and plastic behavior.  Emery et al.
36, 37
 studied fine-
grained Au films (grain size less than 500 nm) at various strain rates over two orders 
of magnitude (5x10
-6
 s
-1
 to 5x10
-4
 s
-1
) by uniaxial tensile test.  The results showed that 
at room temperature, these fine-grained films demonstrated significant strain rate 
dependence of yield stress and tensile strength as shown in Figure 1.13.  They 
suggested that the climb-and-glide of dislocations was the most likely deformation 
mechanism.  The strain rate dependence of Au films was also observed by Chastiotis 
et al.
38
 with a greater extension of the strain rate from10
-6
-10
-2
 s
-1
.  The results 
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showed that the properties of Au films with regard to the strain rate dependence are in 
agreement with Emery’s results. 
 
Figure 1.13 Typical stress-strain curves for Au films with grain size 200 nm 
illustrate the strong rate sensitivity observed by Emery and Povirk.
37
 
 
1.4.2 Measurement techniques  
It is well known that the mechanical properties of thin films are different from 
those of bulk materials due to the small scale of these materials.  Thin film 
mechanical properties can be measured by several techniques such as substrate 
curvature,
39
 microtensile testing,
3, 40
 nanoindentation,
41
 and bulge test.
42
  This section 
presents an overview of some of the most common techniques for measuring the 
mechanical properties of thin films. 
- Substrate curvature method 
Measurement of the curvature induced in a wafer by the stress in a thin film 
on its surface is one of the most widely used techniques for the determination of the 
film stress.   
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The curvature of a substrate is typically evaluated by scanning the film surface 
with a laser beam, detecting the reflected signal, and determining the changing angle 
of reflection.  Once the radius of curvature is known, the stress in the film may be 
calculated by using Stoney equation.
43
  In this equation, the properties of the substrate 
are required as well as the thickness of the films. 
 
  
    
 
   
 
 
  
 
 
  
  
1.6) 
where tf is the film thickness, ts is the substrate thickness, Ms is elastic biaxial 
modulus of the substrate, R1 is spherical radius of curvature of the composite 
film/substrate neutral plane, R2 is the spherical radius of curvature of the bare 
substrate mid-plane/neutral plane, and σ is the biaxial stress in the thin film. 
Additionally, this method can be used to study the mechanical properties 
when a thin film on a substrate is thermally cycled.  Differences in thermal expansion  
between the film and substrate lead to changes in the stresses in the film and substrate 
as the temperature is changed, resulting in spherical deformation of the substrate.
44
  
The amount of stress change is given by considering the biaxial plane stress of the 
film. 
            1.8) 
where M is biaxial modulus of the film, Δα is the linear coefficient of thermal 
expansion (CTE) difference of the film and substrate.  The coefficient of thermal 
expansion and the biaxial modulus of the film can be determined by using two known 
different substrates, such as Si, Ge or sapphire.
45
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The advantages of the substrate curvature techniques are that it is rapid and 
nondestructive.
46
  However, if there is nonuniformity in film stress or thickness, 
measurement of curvature over less than the full substrate will lead to error in the 
calculation stress.
46, 47
  One of the limitations of the substrate curvature method is that 
the applied stress and temperature cannot be varied independently due to the direct 
relationship between them. 
 
- Microtensile testing 
In this method, a sample is usually loaded at a constant strain rate and the 
stress is measured by a load cell whose output voltage is proportional to the applied 
force.  Simple measurement and straightforward interpretation of results is one of the 
main advantages of tensile testing.  However, the difficulties of the uniaxial tensile 
test are in fabricating a small and stress-free specimen, aligning and gripping the 
specimen, generating  small forces and measuring  strain.
48
  Several methods are used 
to measure the small strain such as strain gauge, interferometric strain, and atomic-
force microscopy.  For example, Sharpe et al.
49
 applied ISDG (interferometric 
strain/displacement gage) which is a noncontacting optical technique for measuring 
strain or displacement between two reflective gage markers, and used an air bearing 
to avoid the friction in the loading system during the testing process.  Chasiotis and 
Knauss
50
 employ Atomic Force Microscope (AFM) or Scanning Tunneling 
Microscope (STM) to measure surface topologies of deforming specimens for strain 
measurement.  
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The manipulation of the samples is one of the difficult procedures of 
microtensile testing.  The sample with micro and nanoscale features is often fragile 
and cannot be handled with conventional tools.  One can accomplish the specimen 
handling by mounting the specimen on a support structure that is large or stiff enough 
to handle easily with typical tools.  In recent years, the rapid development of MEMS 
technology creates another possible microtensile technique.  A MEMS-based testing 
device involves photolithography and surface micromachining techniques to pattern a 
specimen of desired geometry.  Haque and Saif
51, 52
 applied the MEMS-based tensile 
testing platforms in which the specimen is co-fabricated with the testing apparatus to 
perform tensile testing of metal films.  Co-fabrication has the clear advantage of 
perfect alignment and gripping.  Figure 1.14
52
 shows a microtensile platform of 
Haque and Saif which utilizes flexure beams for alignment and force measurement, 
and is small enough for in situ experimentation inside an SEM or TEM.  This 
structure involves tensile loading using a piezoactuator at the right end of the chip and 
the difference between two markers (A and B) gives the elongation of the specimen. 
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Figure 1.14 SEM image of microtensile test chip of Haque and Saif.
52
  
- Nanoindentation 
One of the most popular techniques used to measure mechanical properties 
such as hardness, elastic modulus, residual stress, viscoelastic behavior, and fracture 
toughness is nanoindentation.
53
  The nanoindentation method determines the area of 
contact by measuring the depth of penetration of the indenter into the specimen 
surface.  Many indenter shapes such as Berkovich, Cube corner, and Vickers have 
been applied for this purpose.  With a known geometry of the indenter, it provides an 
indirect measurement of contact area at full load and then hardness and reduced 
modulus are estimated by analyzing the load-displacement curve.  Figure 1.15 shows 
indentation load displacement data for loading and unloading, and important 
measured parameters.
54, 55
  These simple load displacement curve of nanoindenation 
can measure properties of hardness, creep, and elastic modulus. 
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 Figure 1.15 (a) Schematic of indenter and specimen surface geometry,
54
 (b) 
Indentation loading and unloading curves.
55
 
In this figure, h is indention depth, and hc is contact depth =hmax-hs.  When the 
indenter deforms the surface, the contact area (Ac) is calculated from the geometry of 
the indenter which is a function of contact depth hc, A= f (hc).  For an ideal Berkovich 
indenter A=24.56 hc
2
 whereas A= 2.598 hc
2
 for a cube corner indenter.
53
 
The hardness (H) of the thin film is calculated by H = Pmax/Ac, where Pmax is 
the maximum applied force and Ac is the contact area. 
The elastic modulus of the material can be determined from the unloading 
curve.  The slope identified in Figure 1.15 is proportional to the modulus, which is 
often determined using a technique developed by Oliver and Pharr.
54
  However, since 
the measured elastic behavior during unloading reflects both the indenter (i) and 
specimen (s) stiffness in series, the measurement really results in Er which is known 
as the reduced modulus.  It is a function of the Young’s modulus and the Poisson 
ratio for both indenter and specimen.  If the indenter is much stiffer than the film, as 
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is often the case, then the reduced modulus is close to the indented material’s plane 
strain modulus, E/ (1-v
2
). 
  
  
  
    
 
  
 
    
 
  
 
1.7) 
Creep behavior can be assessed if the load is held constant, and the indenter 
sinks into the material in a time dependent deformation.  The rate of movement of the 
indenter can be characterized as a strain-rate effect in indentation given by    
 
 
 
  
  
  
 .55   
There are several advantages of the indentation method: no special sample 
preparation is required and the test is quick and inexpensive.  However, care must be 
taken when interpreting indentation results, since the hardness is a function only of 
applied load and projected contact area.  The placement of the indenter in different 
positions of the samples such as over the center of a grain, over a boundary, or over a 
region of high dislocation density will lead to different observed properties.
56
  The 
determination of the contact area is rather difficult if the material piles up or sinks in 
around the indentation.  Also, the hardness value can be affected by the substrate.  In 
order to avoid this effect, the indentation used to make the hardness measurement 
must be small compared to the film thickness. 
 
- Bulge test 
 
The bulge test is often used for characterizing the mechanical properties of 
thin films.  The test is based on measuring the deflection of a membrane under an 
applied pressure and converted into a stress-strain curve for the films.  Standard 
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semiconductor fabrication is required for sample preparation.  Thin film windows can 
be free-standing films by removing the thick substrate from underneath the film in a 
lithographically defined area.  A requirement in free-standing film sample preparation 
is to always keep the film in tension so it does not go into compression and wrinkle.  
If the film alone would be in compression, a composite membrane may be fabricated 
consisting of the film of interest on an additional film which has sufficient tension to 
maintain the composite membrane in tension.  The initial position of the flat 
membrane (in tension) before bulging is a very important value for an accurate 
interpretation of the result.
57
  The height of the films can be measured by several 
methods, such as laser interferometry,
42, 58, 59
 laser scanning to measure the bulge 
curvature,
60
 or by capacitance-based measurement.
4, 7
  
The major advantage associated with bulge testing is the capability for testing 
freestanding films.  This advantage does not exist for testing by nanoindentation and 
wafer curvature techniques.  Both techniques fail when the film thickness becomes 
extremely small.  Bulge measurements of free standing films can give more precise 
results than for films attached with the substrates.   
Bulge testing was chosen in this study to investigate time and temperature 
dependence of viscoelastic stress relaxation in Au and Au alloy thin films.  The 
detailed explanation of the bulge test will be further discussed in Chapter 2, section 2. 
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1.4.3 Commonly proposed mechanisms  
Several fundamental mechanisms have been identified for the observed 
viscoelastic behavior of thin films, such as diffusional creep, grain boundary sliding, 
power law creep, and obstacle-controlled dislocation glide.  For example, Hyun et al.
9
 
used a membrane resonance method to perform stress relaxation experiments on 
aluminum thin films of varying thickness, and reported a dislocation locking 
mechanism for the reduction in relaxation rate with an increase in thickness.  
Kalkman et al.
19
 conducted dynamic bulge tests on thin films (W, Al, and Au) and 
observed stress relaxation at room temperatures with a frequency dependence in 
Young’s modulus and measurable relaxation time constants.  Grain boundary sliding 
was claimed to be the predominant effect causing stress relaxation at room 
temperature.  Here, a few of the important mechanisms will be given in this section.   
- Diffusional creep 
The viscoelastic mechanisms can also be accomplished by atomic diffusion, 
either by bulk diffusion, or grain boundary diffusion.  Bulk diffusion (Nabarro-
Herring creep) involves stress-directed flow of vacancies from tensile to compressive 
grain boundaries.  Consider a cube-shaped grain in a polycrystal deforming at high 
temperatures under the stress shown in the Figure 1.16(a).  The vacancy concentration 
in equilibrium with a grain boundary will be different for boundary A than for 
boundary B.  If grain boundaries act as sources and sinks for point defects, a 
concentration gradient of point defects, generally the vacancies, is set up.  Vacancies 
will start to flow from boundary A to boundary B along path AB.  If vacancies move 
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along path AB, atoms have to move along a path BA.  Vacancies and atoms move in 
opposite directions.  Atoms are being removed from boundary B and are plated on 
boundary A.  A grain will change shape because atoms are removed from grain 
boundaries B and put into grain boundaries A, producing a creep strain shown in 
Figure 1.16(b).  The strain rate resulting from Nabarro-Herring creep can be 
described by
61, 62
 
 
       
     
    
  
1.8) 
where C1 is a constant, DB is the bulk diffusitivity, Ω is the atomic volume, k is 
Boltzman’s constant, T is temperature, D is grain diameter, and σ is applied stress. 
 
Figure 1.16 a) Flow of vacancies from A-type to B-type boundaries and (b) strain 
produced in a hypothetical rectangular grain in Nabarro-Herring creep.
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Vacancies can transfer from tensile boundaries to those under compression not 
only through the grain but also along the grain boundaries.  Consider then the transfer 
of vacancies only along a narrow zone adjacent to the grain boundary.  This 
diffusional creep process, involving vacancy transfer along grain boundaries, is 
36 
 
generally called Coble creep
64
 as shown in Figure 1.17.  Let the width of this narrow 
zone be δ.  The area of grain boundary zone intersecting a unit area of a polycrystal of 
average grain diameter, d, is given by (δ/d).  However, diffusion along this narrow 
grain boundary zone is determined not by lattice self-diffusion but by grain boundary 
diffusion.  The Coble creep rate associated with diffusional flow along grain 
boundaries becomes
65
 
 
      
       
    
   
1.9) 
where DGB = grain boundary self-diffusion coefficient, C2 = constant, σ = applied 
stress, Ω = atomic volume, k = Boltzman’s constant, T = temperature and D= grain 
diameter.  Since Coble creep is more sensitive to grain size than Nabarro-Herring 
creep, it is expected that Coble creep will dominate the creep rate in very fine grained 
materials. 
 
Figure 1.17 Flow of vacancies for Coble creep.
63
 
 
 
37 
 
- Grain boundary sliding 
Grain boundaries can slide between two adjacent grains under an applied 
stress.  The shear stress which initially acts across a boundary is gradually reduced 
through viscous slip while the grain corners sustain more and more of the total 
shearing force.
66
  Figure 1.18 presents how the sliding process occurs.  With applied 
shear stress, it causes grain 1 to slide over grain 2 to build up opposing stresses at the 
triple junctions of the grain boundaries.  This relaxation process will continue until 
the shear stress has dropped to zero across most of the length of the boundary.  When 
low stress is applied, the distortion at the edge of the boundary is purely elastic.  Once 
the applied stress is removed, the distortion subjects the boundary to a reverse shear 
stress and produces the elastic aftereffect.  In the case of complete recovery, this 
internal shear stress drives the recovery process until the grain boundary returns to its 
original condition and there is no distortion at the edge of the boundary.  
 
Figure 1.18 Relaxation of an initially uniform shear stress distribution by grain 
boundary sliding.
66
 
38 
 
Zener
67
 has calculated the relaxation modulus(ER) in the presence of grain 
boundary sliding under the simplifying assumptions of isotropic material and 
spherical grains.  He obtained the relaxed modulus compared to the unrelaxed 
modulus as given by   
   
  
 
 
 
   
    
       
   
1.10) 
where ν is Possion’s ratio.  For a material with ν =0.44, the modulus decay with grain 
boundary sliding is 29% which is very large relaxation.  However, this effect depends 
on the assumption that grain boundary sliding can occur entirely across the boundary.    
If the material is anisotropic or the grain sliding is obstructed by grain boundary 
roughness, the modulus decay will be much smaller.  Although grain boundary 
sliding is a commonly referred to relaxation mechanism, it is usually not an 
independent deformation, as it requires other deformations to be active.    
- Power law creep 
At intermediate to high stress and high temperature, the deformation of a 
material can be accomplished by diffusion-controlled movement of dislocations.  
Dislocation creep includes the movement of dislocations by diffusional transport of 
vacancies under the influence of applied stress.  Such a motion is termed climb and 
requires a rearrangement of atoms, again by vacancy diffusion.  As grain boundaries 
are not a major factor, the strain rate is not strongly affected by grain size, but the 
resistance to the climb process is such that there is strong stress dependence.  Also, it 
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is temperature dependent since a diffusion process is involved.  Thus, the equation 
has the form
68
 
 
     
   
 
 
 
  
    
1.11) 
 where m varies with material and test conditions. 
Some studies report power law creep to be responsible for stress relaxation of 
some metal films at high stress/or temperature.  For example, Hwang et al.
39
 studied 
the deformation mechanism of electroplated Cu films and believed that the dominant 
deformation mechanism is power-law creep at temperatures between 180 °C and 
400 °C. 
- Obstacle-controlled dislocation glide 
Below the ideal shear strength and at low temperatures, deformation can be 
accomplished by the movement of dislocations.  This motion is almost always 
hindered by obstacles such as other dislocations, solute atoms or precipitates, or grain 
boundaries.  The strengthening effect of a material depends on the strength of 
obstacles as classified in Table 1.2,
5
 where ΔF is the total free energy or the activation 
energy required to overcome the obstacles without aid from external stress,   is the 
shear strength without thermal energy, μ is the shear modulus and b is Burgers’ 
vector.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
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Table 1.2 Characteristics of obstacles for dislocation glide. 
The strain rate resulting from discrete-obstacle controlled plasticity is given 
by
5
 
 
       
  
 
 
 
      
  
  
    
  
  
 
 
 
 
  
1.12) 
where p and q are parameters that depend on the obstacle.  For discrete obstacles, p 
and q are equal to 1.  For plasticity limited by lattice resistance, Raffo
69
 proposed the 
choice of p=3/4 and q=4/3 for the best fit to experimental data of tungsten. 
Consider a dislocation pinned at two ends by obstacles that are spaced at a 
distance l apart as presented in Figure 1.19. 
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Figure 1.19 The bowing of a dislocation pinned at point A and B under applied 
stress. 
An applied stress (σ) causes a bowing of a dislocation and the radius of 
curvature (Rc) between pinning points is given by
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1.13) 
where G is shear modulus and b is burger vector.  The dislocation moves back when 
the applied stress is removed which is time dependent behavior.  The area (δs) swept 
out by a dislocation under a stress (σ) is 
 
   
 
  
 
  
  
  
1.14) 
If the crystal material has a certain number of dislocation segments per unit volume 
(NV), the strain due to the dislocation bowing is  
           1.15) 
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The difference between the modulus with and without dislocation (the modulus 
defect), ΔG, can be expressed66  
   
 
 
 
 
    
1.16) 
where G is the modulus in the absence of dislocations, and ρ = Nvl is dislocation 
density. 
1.4.4 Modeling linear viscoelastic behavior 
Linear viscoelasticity is a type of viscoelastic behavior that adds the condition 
that the time dependent modulus is independent of the magnitude of stress and strain.  
Then the stress relaxation can be calculated by using the Boltzman Superposition 
Principle.  Boltzman proposed that (1) the time dependent stress depends on strain 
history, and (2) each strain step makes an independent contribution to the final stress 
relaxation so that final stress relaxation can be obtained by the simple addition of 
each incremental strain as given by the equation:
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1.17) 
where σ0 is the residual stress, ε0 is ε(t=0 sec) , 
     
  
 is the strain rate, and E(t) is the 
time dependent modulus which is given by                                
 
             
 
   
    
 
 
     
1.18) 
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where E0 is the instantaneous modulus of the films, Pi is i’th Prony constant and τi is 
i’th time constant. 
It has been reported that the viscoelastic behavior in Au thin films is linear at 
room temperature.
4
  The evidence for this is presented as identical results of time 
dependence of stress at different strains by using a bulge capacitance system.  Yan et 
al.
4
 showed a more stringent test of linearity for Au films at room temperature by 
using multiple step changes of strains as presented in Figure 1.20.  The linear 
viscoelastic model and superposition were used to calculate the stress relaxation as it 
depended on time.  The good match between the experimental data and the simulation 
were reported, and verified that linear viscoelasticity and superposition are 
appropriate descriptions of the Au films. 
 
Figure 1.20 The strain and stress in a three-step experiment.
4
 
Hyun et al.
9
 also reported the linear viscoelestic behavior of different 
materials other than Au by using stress relaxation experiment.  Figure 1.21 shows 
results of a stress relaxation experiment which validates the linear viscoelastic 
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behavior.  The elastic modulus measurement shows that strain steps produced by 
different bulge pressure steps lead to the same elastic modulus decay over time, 
fulfilling linearity requirements. 
 
Figure 1.21 (a) Stress and strain of Al film at constant pressure of 30 torr for 1 
hour, (b) Same film but different step pressure step: 30 torr for 30 min and 
down to 10 torr for 30 min, and (c) The time-dependent modulus deduced from 
(a) and (b).
9
 
 
  1.4.5 Activation volume and dislocation mobility 
It is well known that dislocation mobility of nanoscale materials which 
controls plastic deformation is usually thermally activated.  Therefore, the activation 
volume which is one of the thermal activation parameters is the key issue to identify 
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the possible deformation mechanism in the materials.  The plastic strain rate     
dependence on temperature can be written in the Arrhenius equation.
71, 72
 
 
             
     
  
  
1.19) 
where       is the stress-dependent activation energy for the thermally activated 
dislocation motion, k is the Boltzman constant.  The activation volume (v
*
) can be 
defined as
71
 
 
      
     
    
      
     
    
  
1.20) 
where          are  the thermal component of applied stress and shear stress, 
respectively, and M is the conversion factor from shear stress to uniaxial tensile 
stress.  The activation volume can be measured by several techniques such as uniaxial 
tensile testing,
73, 74
 nanoindentation, 
75, 76
 strain rate jump test, 
77
 and stress 
relaxation.
78, 79
  The first two methods commonly measure the flow stress (σf) or 
hardness (H) as a function of strain rate     and determine the activation volume from 
the slope of a linear fit of ln   versus σf or H.   
Strain rate jump test is a transient test which observes the change in stress (Δτ) 
when the strain rate is suddenly changed from    to    .  Va which is the apparent 
activation volume can be defined by the formula.
80
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1.21) 
Another type of transient test is stress relaxation.  The apparent activation 
volume is determined from the first stress relaxation and can be expressed as
80
 
 
       
  
  
     
 
  
  
1.22) 
where    is the decay of shear stress as a function of time (t) and Cr is the time 
constant.  Based on the Orowan equation,
81
 the shear strain rate (   is a consequence 
of two parameters: the dislocation velocity (v) and mobile dislocation density (  ) as 
      .  To separate a contribution of two variation to strain rate, repeated stress 
relaxation tests are performed to determine physical activation volume (V
*
).
80, 82
 
 
     
    
    
    
 
  
 
1.23) 
where      and      is the onset of stress relaxation2 and the end of stress relaxation 1, 
respectively.  The schematic procedure of repeated stress relaxations is presented in 
Figure 1.22.
82
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Figure 1.22 Schematic procedure and parameters of repeated stress relaxation.
82
  
Since the change in stress is fast enough to assume the dislocation density is 
the same, the physical activation volume incorporates the stress dependence of the 
dislocation velocity only.  In contrast, the apparent activation volume characterizes 
the stress dependence of the mobile dislocation density.  The mobile dislocation 
density (  ) and the dislocation velocity (ν) can be expressed by a power relation
80
 
   
   
  
 
  
   1.24) 
where     and ν0 is the initial mobile dislocation density and dislocation velocity, 
respectively.  The mobile dislocation density during a stress relaxation test can be 
expressed by 
   
   
  
  
    
         
1.25) 
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where β is defined as   
 
     
  , K is a strain-hardening coefficient, M is the 
elastic modulus of the specimen-machine system, and Ω is the ratio of Va to V
*
.    
Repeated stress relaxation was proposed to determine physical activation volume 
(V
*
), which relates to the Va as Ω = Va/V
*
.   
Activation volume has been measured to obtain insight into the rate-
controlling deformation mechanism.  For example, Kobrinsky
83
 measured the 
activation volume by stress relaxation in Ag films by  observing  the characteristics of 
dislocation motion by in situ Transmission Electron Microscopy (TEM).  They 
conclude the value of activation volume with supporting TEM results is consistent 
with forest dislocation-obstacle controlled plasticity.  
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2. Experimental description 
This chapter describes the experimental set up for the research on time and 
temperature dependence of stress and stress relaxation in Au and Au alloy films.  The 
first part of the chapter discusses the sample design and fabrication.  The second part 
discusses the process development for the pure and alloy films; subsequent 
characterization of microstructure and composition are described as well.  The rest of 
the chapter involves the bulge measurement technique which includes the 
experimental setup for pressure ramp and relaxation testing.  It is noted that all results 
presented in chapters 3-7 of this dissertation were obtained by the same experimental 
procedures of bulge testing that are presented in this chapter. 
2.1 Sample design and fabrication 
  Gas pressure bulge testing requires some specific samples whose design is 
shown in Figure 2.1.  The thin film membrane is suspended over a window 12 mm by 
either 2 or 3 mm in the center of a 20 mm by 20 mm Si die.  The bulge samples are 
fabricated by using standard semiconductor fabrication methods as shown in Figure 
2.2.  
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Figure 2.1 Bulge sample a) bottom view and b) cross section view. 
Silicon dies are coated on both sides with 210 nm of SiN; the back side SiN is 
patterned to create a window of 3 mm (or 2 mm) by 12 mm using standard 
photolithography; the silicon in the window is partially etched with KOH 
concentration of 45 % (weight) and a temperature of 85 °C until the silicon is left at 
approximately 60-100 um.  A 20 nm film of Ti is then sputter deposited on the front 
side as an adhesive layer over the SiN.  Finally, Au or Au alloy thin films are 
deposited by DC magnetron sputtering on the Ti.  The deposition and patterning of 
the SiN films was previously carried out at Bell Laboratories.  The etching of the 
silicon and the deposition of metal thin films were done at Lehigh.  Details of these 
steps will be presented in a following section. 
Bulge experiments require a tensile residual stress in the membranes that are 
to be bulged.  If the unpressurized membrane stress ever becomes compressive the 
membrane buckles and/or wrinkles and it becomes very difficult to acquire reliable 
results.
84
  If the as-deposited thin Au film is in a compressive state the composite 
membrane of Au plus SiN may not be because the SiN film by itself is in tension.  
However, because the typical Au films in the thesis are 500 nm thick and the SiN is 
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only 210 nm thick the Au compressive stress cannot be very large for the composite 
to remain tensile.  
If the Au as deposited is in a strongly compressive state or if the Au film is to 
be measured after removal of the SiN so there is no balancing tensile stress as there is 
in the composite membrane, there is another way to proceed.  After deposition the Au 
plus SiN plus the remaining thickness of Si substrate not yet etched away can be 
annealed at elevated temperature.  Raising the temperature will increase the 
compressive stress in the Au film because of the difference in thermal expansion of 
the Au and the Si substrate.  Once a certain critical temperature is reached, plastic 
yielding in the Au will take place.  Because the Au is supported by the stiffness of the 
silicon substrate this compressive plastic deformation of the Au will take place 
without distortion of the Au film.  When the composite is returned to lower 
temperature the Au is put in tension because of the differential thermal expansion of 
Au and Si. The remaining Si substrate can then be etched away.  In this study, some 
thin films after deposition were annealed at 260 ˚C for 2 hours and cooled to room 
temperature.  The remaining Si was then etched away in KOH leaving the SiN plus 
Au in tension.  This pre-etching annealing procedure even allows the removal of the 
SiN layer because the Au itself is in tension.  Studies of free standing Au can then be 
carried out. 
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Figure 2.2 Sample fabrication for bulge testing. 
 
2.2 Fabrication of Au and Au alloy thin films 
For this research, the three types of thin films that are fabricated are as 
follows:    
1. Pure Au films with normal and different grain sizes. 
2. Solid solution AuV films with different V compositions. 
3. Oxide dispersion strengthened Au films by addition of V2O5 nanoparticles. 
All three types of thin films are produced by DC magnetron sputtering using a 
system obtained from AJA international (ATC2200 sputtering system).  The metal 
thin films are deposited on bulge substrates by the sputtering guns carrying elemental 
targets.  For example, we use only two guns in the sputter chamber to deposit pure Au 
films with a Ti adhesion layer.  For Au alloy films, such as AuV or AuV2O5, we 
require three sputter targets in the guns consisting of Au, V and Ti. 
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1. Conditions for deposition of pure Au films. 
- The base pressure is about 5-7x10-7 Torr.  
- The deposition of Au thin films requires 2 guns – Au and Ti 
- The height of the substrate is set to 4 inches on the indicator which is 
the distance from the top of the chamber to the substrate. 
- The substrate is rotated during deposition to provide uniform film 
thickness. 
- A film of Titanium is deposited as an adhesive layer between the 
substrate and the Au films.  
 The angle of the Titanium gun is set at 4 on the indicator which 
is about 61.3˚ from the horizontal (based on AJA drawing). 
 The sputtering gas is Ar at a pressure of 4 mTorr.   
 The gun power is 150 W and the deposition time is 2.50 min.  
As the deposition rate is 8 nm/min, the thickness of the 
Titanium film is about 20 nm.   
- A film of Au  is deposited 
 The angle of Au gun is set at 4 on the indicator. 
 The sputtering gas is Ar at pressure 4 mTorr. 
 The gun power of Au is fixed at 150 W.   Using a deposition 
time of 10 minutes and determining film thickness by using a 
step height measurement from an optical profilometer with a 
high resolution optical sensor (STIL: CHR 150-N), the 
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deposition rate of pure Au was approximately 50 nm/min.  The 
thickness of all thin films was therefore approximately 500 nm.  
We also determine the deposition rate of Au by measuring the 
mass of a glass slide before and after deposition for a certain 
time.  With the known density of Au and the deposited area of 
the glass slide (7.5 cm x 5 cm), we calculate the thickness of 
the thin film on the glass slide and determine the deposition 
rate.  The two methods provide approximately the same 
deposition rates. 
- A series of pure Au thin films with various grain sizes is deposited at 
different substrate temperatures controlled by a temperature controller 
(AJA international model SHQ 2001-C) from room temperature to 400 
degree Celsius. 
2. Condition of deposition processes of solid solution (AuV) 
- The base pressure is about 5-7x10-7 Torr.  
- The deposition of solid solution thin films is prepared by cosputter 
deposition and requires 3 guns – Au, V and Ti.  
- The temperature of the sputtering is nominally room temperature. 
- The V gun operates in the Self Run Mode via Sparc-LE (Small 
Package Arc Repression Circuit), with the DC power periodically 
pulsed between zero and the set point. 
- The height of the substrate is set to 4 inches on the indicator. 
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- The substrate is rotated during deposition to maintain uniform film 
thickness and homogeneous composition. 
- A film of Titanium is deposited as an adhesive layer between the 
substrate and the AuV film.  
 The angle of Titanium gun is set at 4 on the indicator. 
 The sputtering gas is Ar at pressure 4 mTorr,   
 The gun power is 150 W and the deposition time is 2.5 min.  
As the deposition rate is 8 nm/min, the thickness of the 
Titanium film is about 20 nm   
- The deposition of AuV thin film requires 2 guns –Au and V  
 The angle of Au and V guns are set at 4 on the indicator. 
 The sputtering gas is Ar at 4 mTorr. 
 The films are prepared with five different power settings for 
the V gun: 0, 25, 60, 150, and 200 watt in order to vary the V 
composition while the power of Au gun is constant at 150 watt. 
3. Condition of deposition processes of Au V2O5 
AuV2O5 thin films are successful fabricated by reactive co-sputtering.  The 
basic conditions of the deposition process are the same as for the Au-V thin films 
described above.  In order to deposit AuV2O5 films, oxygen is introduced separately 
into the deposition chamber to facilitate reaction with V and formation of VOx 
compound.  In this study, the optimum amount of oxygen is  0.l mtorr.
85
  It is 
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introduced into the chamber first.  Then, the total pressure of Ar and O2 is brought up 
to 4 mTorr by admitting Ar. 
The power of the two guns is 150 W for Au and 200W for V which gives a 
deposition rate at 1.14 nm/s.  Using a deposition time of 7 min 19 second, the 
thickness of AuV2O5 thin films is approximately 500 nm.     
 
2.3 Microstructure and composition investigation 
1. Scanning Electron Microscopy (SEM: Hitachi 4300VP) is used to 
investigate the surface microstructure of the Au and Au alloy thin films, especially 
grain size.  Magnification at 50X is used to compare different grain sizes produced at 
different deposition temperatures.  The mean lineal intercept method following 
ASTM standard E112-88 is applied to estimate the grain size of the thin films.  
2. Atomic Force Microscopy (AFM: DI3000) was applied to some films to 
clearly show the surface and to quantitatively measure film roughness. 
3. Rutherford Back Scattering (RBS) is a technique to analyze the true film 
composition. It was used to calibrate the composition of one film.  The true 
composition of that V/Au film, 4.5 at. %V, was determined by Dr. Stephen Menasian 
of Rutgers University for a sample deposited by Bannuru.
86
   
4. Energy Dispersive spectrometry (EDS) is used to determine the relative 
composition of the elements present in a sample. The EDS system relates the 
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quantitative intensity of x-rays emitted to their x-ray energy.  The energy of a peak 
identifies the element while the relative amount of that element is determined from 
the area under the peak.  EDS can only give relative element quantities but when 
calibrated with an absolute standard thin film composition obtained by Rutherford 
Back Scattering (RBS) the true composition of other films can be determined.  
2.4 Bulge testing 
2.4.1 The bulge measurement technique 
Time and temperature dependence of viscoelastic stress relaxation in Au and 
Au alloy thin films are measured by using bulge testing.
42
  
 
Figure 2.3 Experimental setup of bulge system. 
As shown in the Figure 2.3, our bulge test system has two chambers: the 
vacuum chamber and the bulge chamber which is inside the vacuum chamber.   
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Figure 2.4 shows an enlarged view of the inside of the bulge chamber.  A thin film 
sample is placed in the bulge chamber and the chamber evacuated.  The fixed 
capacitor plate is 6 mm by 6 mm and is surrounded by a closely spaced grounded 
guard ring to limit the fringing field.  The capacitor plate is positioned over the center 
of the membrane and separated from it by a metal spacer that surrounds the 
membrane.  There are 8 heaters embedded in the stainless steel base of the chamber to 
enable measurements at elevated temperature.   
 
Figure 2.4 Schematic demonstration of bulge test in the bulge chamber. 
A pressure (P) of N2 gas is applied to the bulge chamber and thus to one side 
of the sample membrane. The other side of the membrane is at the vacuum of the 
outer chamber. The pressure difference bulges the thin membrane.  The applied 
pressure in the bulge chamber is controlled by an MKS (Type 250) pressure 
controller under command of a computer with a LabView program.  The MKS 
controller adjusts the gas inlet valve to obtain the desired pressure as measured by the 
MKS pressure gauge. 
The height (H) of the bulge provides information about the strain in the film.  
The height together with the pressure difference defines the stress.  The bulge height 
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is determined by the change of capacitance between the bulged film and a fixed flat 
capacitor plate.  To measure the capacity between the metal of the membrane and a 
fixed capacitor plate, a sine wave generator (Agilent, 33220 A) at a frequency of 100 
kHz is applied to the membrane.  A second generator at the same frequency and phase 
locked to the first but 180 out of phase with it is applied to a reference capacitor with 
a known capacitance of 0.5415 uF.  The currents from the two generators through the 
two capacitors are summed in a charge sensitive preamplifier whose output is sent to 
a lock-in amplifier (SR 530).  Figure 2.5 demonstrates the electrical setup for the 
capacity measurement. 
 
Figure 2.5 Electrical setup for the capacity measurement. 
  When the currents flowing through the two capacitors are approximately 
equal, the lock–in will show a value close to zero.  At this balance setting, the ratio of 
the capacitance is inversely-proportional to the ratio of the amplitudes of the driving 
voltage: 
       
  
  
        
  
  
 2.1) 
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Then when the capacitance of the bulge capacitor is changed by a change in 
bulge height, the currents are unbalanced and the lock-in amplifier will measure the 
difference.  
 
Figure 2.6 Schematic of bulge test and description of bulge parameters when gas 
pressure > 0. 
Figure 2.6 shows that a pressure (P) of N2 gas is applied to create the pressure 
difference between both sides of the film and able to bulge the thin membrane.  The 
shape of the bulged film can be assumed as a long cylinder fixed at the edge of the 
window as presented in Figure 2.7 taken by Optical Profilometer.  Only the center 6 
mm of the bulged film is considered since the height is uniform over this length and 
the shape can be treated as a thin-walled cylinder. 
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Figure 2.7 Schematic demonstration of bulged shape in thin film when P> 0 torr.  
The bulge height (H) is determined by the change of the capacitance between 
the bulged film and a fixed flat capacitor plate by using the following equations:
4
 
       
  
      
 
 
  
 
 2.2) 
 
and                   
  
 
 2.3) 
where y(x) is the bulge height at x, the integration yields  
 
       
                
 
             
 
             
 
2.4) 
and the geometry relation between H and R is  
          
  
 
 2.5) 
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 As indicated in Figure 2.6, P is the applied pressure, H is the bulge height, R 
is the bulge radius, b is the width of the capacitor plate, D is the width of the window, 
B is the gap spacing between the unbulged film and the capacitor plate. 
Once R is obtained, the stress in the films can be calculated as the hoop stress 
acting on a thin-walled cylinder.  This lead to the stress in terms of pressure as 
   
   
 
 2.6) 
and the strain ε of the film can be computed from 
    
   
 
  
          
 
     
 
 
2.7) 
where l is the length of the bulged film. 
2.4.2 Bulge test setup for stress relaxation experiments 
Based on the bulge test described above, stress relaxation is measured to 
determine the viscoelastic properties of the films.  Stress relaxation in these 
experiments is the stress decay over time when the samples are subjected to constant 
strain.  For most experiments conducted in this study, the films are maintained at a 
constant strain of 0.001 for 3 hours.  The strain is held constant when the bulge height 
(H) is kept at a constant value by maintaining a constant bulge capacitance (C) during 
the 3 hour relaxation.  The bulge height is controlled by a feedback loop of pressure 
introduced by the Labview program.  Assume the thin film is maintained at the bulge 
height H0.  When the stress in the film relaxes at a given pressure, the bulge height 
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will increase.  Therefore, the pressure needs to be decreased to bring the bulge height 
back to the desired constant value.  This pressure change, ΔP, is given by 
     
    
  
 
      
 
  
     2.8) 
and            
 
 
  
    
  
 
    
  
  2.9) 
where H0 and C0 are the bulge height and bulge capacitance value that is to be kept 
constant, H1 and C1 are real-time bulge height and bulge capacitance, σ0 is the 
residual stress of the film, M is the plane strain modulus.  The value of Eq. 2.8) and 
2.9) is to estimate the sensitivity needed in the feedback loop to hold the capacitance 
and H constant.  
2.4.3 Pressure ramp and relaxation testing 
 Two experimental procedures are used to measure the relaxation behavior of 
the thin films.  The first is a pressure ramp.  The pressure from 0 torr is ramped up to 
reach a desired value before suddenly ramping down to 0 torr again at the same 
pressure rate.  The typical time required for a pressure ramp rate of 4 torr/sec to 
increase the strain from 0 to 0.1% (0.001) is between 12 and 25 seconds, depending 
on the residual stress in the films.  The pressure ramp test can be analyzed as a stress-
strain curve from which the residual stress and plain strain modulus can be obtained.  
The residual stress is determined by the extrapolated y-intercept of the unloading 
segment of the stress-strain curve.  The load and unload segments can have a different 
slope due to the fast relaxation during the short time period that the pressure ramp 
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occurs.  The elastic modulus measured here is determined from the slope of the 
unloading segment of the stress-strain curve and is the plane-strain modulus due to 
the geometry of the film.
42, 84
 
The second procedure is stress relaxation testing which starts with a pressure 
ramp to a strain of 0.001 where it is held constant for 3 hours before ramping down to 
zero pressure.  The strain is maintained at a constant value by the feedback loop 
program that controls the bulge height as described above.  The relaxation results are 
characterized in terms of stress relaxation and normalized modulus relaxation.  The 
normalized modulus is the plane strain modulus at a given time, M(t) = σ(t)/ε, divided 
by the initial modulus, M(t=0) = σ(t=0)/ε . 
   Figure 2.8 shows the schematic of strain versus time for pressure ramp and 
relaxation testing.  The typical results of the two types of bulge experiments are 
shown in Figure 2.9. 
 
Figure 2.8 Schematic of strain versus time for a) Pressure ramp and b) 
Relaxation testing. 
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Figure 2.9 Typical results of bulge experiments a) Pressure ramp and b) 
Relaxation testing. 
It has been shown that the initial relaxation behavior has two components, one 
viscoelastic (fully recoverable) and one viscoplastic.
7
  A “run” is a sequence of a 
pressure ramp and a 3 hour relaxation test.  The sequence is performed multiple times 
to eliminate initial film plasticity and to bring a film to a steady state displaying only 
viscoelasticity.  To allow time for full viscoelastic recovery at zero strain between 
runs, only one run is carried out per day.  Each thin film requires from 3-5 runs at a 
single temperature to reach this steady state.   
The temperature dependence of Au and Au alloy thin films is investigated in 
the temperature range from 20 to 80 ˚C.  The flow chart below shows the 
experimental procedure for the films until the film reaches a steady state at each 
temperature.  More details are given in the next chapter.   
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Figure 2.10 Flow chart of experimental procedure of bulge testing for 
viscoelastic films. 
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3. Time and temperature dependence of stress and stress 
relaxation of Au, AuV and Au-V2O5 films 
In this study, stress relaxation and its temperature dependence for three types 
of thin films -pure Au, AuV solid solution and AuV2O5 dispersion- are investigated 
by using bulge testing over the temperature range 20-80 ˚C.  Since stress relaxation of 
a thin film membrane in a MEMS capacitance switch can cause the lifetime of the 
switch to be shortened, the goal of this part of the investigation is improving the 
lifetime of the switch by identifying promising candidate membrane materials with 
less stress relaxation than pure Au over the temperature range of technological 
relevance.  Vanadium (V) and vanadium oxide (V2O5) additions to Au are the 
candidate materials of this study. 
 3.1 Characterization of thin films 
 Figure 3.1 shows SEM and AFM images of Au, AuV and AuV2O5 films.  The 
average grain sizes are estimated by using the mean linear intercept method based on 
the measurements along several lines in each image.  The average grain size of Au, 
AuV and AuV2O5 films deposited at room temperature are approximately 100, 52 and 
54 nm respectively.  Smaller grain sizes are observed for AuV and AuV2O5 compared 
to Au.  The AFM results show that there is no significant difference in the average 
roughness (Ra) for the three different types of film. 
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The V content of AuV and AuV2O5 is estimated from Scanning Electron 
Microscopy (SEM) with Energy Dispersive Spectrometry (EDS) software based on a 
calibrated AuV thin film as 4.5 at. %V.  The EDS data shown in Figure 3.2  display 
the x-ray peaks associated with Au and V in Au alloy films.  The quantitative V 
content can be estimated from the ratio of the characteristic V peak area to that 
measured for the calibrated 4.5 at. %V film.  The concentration of V in the AuV and 
AuV2O5 films used for the alloy stress relaxation comparison is approximately 5.4 at. 
%V. 
 
Figure 3.1 SEM and AFM images of sputtered Au, AuV(5.4 at.%V), and 
AuV2O5 (5.4 at.%V) thin films 
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Figure 3.2 EDS results for AuV and AuV2O5 films compared to the standard 
thin film of 4.5 at%V. 
 
3.2 Stress relaxation of pure Au films   
3.2.1 Pressure ramp and relaxation results 
A composite Au/SiN film is investigated at room temperature (20 °C) first, 
beginning with measurement of the residual stress and modulus of the film.  A stress-
strain curve as determined from a pressure ramp is shown in Figure 3.3 a).  There are 
two quantities obtained by fitting the unloading half of the stress-strain curve.  The 
first is the residual stress, 215 MPa, which is the extrapolated y-intercept.  The second 
is the plane strain elastic modulus, 131 GPa, calculated from the slope of the 
unloading curve.  The modulus computed from the pressure ramp is a plane strain 
modulus due to the geometry of the bulging thin film.
84
  The plane strain modulus is 
related to the Young modulus, E, as E/(1-ν2) where ν is Poisson’s ratio.  A pressure 
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ramp is run prior to each relaxation test primarily to define the residual stress (σ0) at 
the beginning of the relaxation, but also to check the plane strain modulus. 
Following the pressure ramp testing, a relaxation experiment is carried out on 
the film.  The film is held at a constant strain of 0.1 % for 3 hours.  The result of this 
test, σ(t), together with the results from the pressure ramp previously carried out, 
determines the time dependent relaxation modulus (M(t)) given by 
      
       
    
 3.1) 
and the normalized modulus which is the time dependent fraction of the initial 
modulus is given by  N.M(t) = M(t)/ M0, respectively.  Figure 3.3 b) shows a typical 
normalized time dependent modulus of a composite Au/SiN film.  The normalized 
modulus at 3 hours is 0.85, or, the modulus has decayed by 15% in 3 hours.  
 
Figure 3.3 Initial relaxation behavior of Au/SiN film at 20 ºC for a) pressure 
ramp and b) relaxation testing. 
As mentioned earlier, since bulge experiments require the residual stress in the 
film before bulging to be in tension, the SiN is retained beneath the Au film.  All 
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films in this study are measured as composite films.  The stress and plane strain 
modulus of the Au film alone can be determined by extracting the properties of SiN 
from the composite films using the formula: 
             
                
        
 3.2) 
and             
                
        
 3.3) 
where σ is stress, M is plane strain modulus and t is thickness.  The thicknesses of the 
Au and SiN are 500 nm and 210 nm, respectively.  The temperature dependence of 
SiN properties is shown in the Table 3.1.  The modulus of approximately 226 GPa for 
the SiN film is consistent with other reports.
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Table 3.1The temperature dependence of SiN properties. 
The phrase “free standing Au thin film” is defined as the Au thin film from 
which the influence of SiN has been removed.  The residual stress of the free standing 
Au film calculated from the composite Au/SiN film is 128 MPa and the plane strain 
modulus is 95 GPa which is consistent with the predicted plane strain modulus of 
94.7 GPa based on the bulk Au Young’s modulus of 78 GPa and a Poisson’s ratio of 
0.42.
27
   The 3 hour normalized modulus of Au in the first run is 0.70.  The resulting 
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unloading stress-strain curve and 3 hour normalized free standing modulus curve for 
the composite Au/SiN film shown in Figure 3.3 are shown in Figure 3.4. 
 
Figure 3.4 Initial relaxation behavior of a free standing Au film at 20 ºC for a) 
pressure ramp and b) relaxation testing. 
 
3.2.2 Steady state ramp and relaxation results 
It has been reported that the mechanical response of thin Au films after 
fabrication consists of a combination of two distinct components: viscoelastic and 
viscoplastic.
4, 7
  The viscoplastic component can be exhausted by doing multiple 
relaxation runs until the film reaches a steady state condition at which the film shows 
only a viscoelastic response.  In this steady state condition, any subsequent residual 
stress or relaxation experiment at the same temperature yields the same results. 
In this study, one run, consisting of one pressure ramp, which defines the 
residual stress and plane strain modulus, and one 3 hour relaxation test, are carried 
out each day.  The rest of the 24 hour period is provided for full recovery of 
anelasticity at zero strain.  Such runs are repeated, one a day, until a steady state 
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condition is reached.  With the first several runs, we observe the modulus decay and 
residual stress decrease from one run to the next until finally consecutive runs provide  
identical results and a steady state condition had been reached.  The results show that 
the 3 hour modulus decay and the residual stress at steady state dropped to 6 % and 
189 MPa, respectively.  Figure 3.5 shows the observed composite residual stress, 
time-independent modulus, and modulus decay from multiple runs corresponding to 
viscoelastic and viscoplastic decays.  There is no significant change of time-
independent modulus from run to run.  In contrast, we can see the residual stress and 
the total amount of relaxation at 3 hours decrease with the subsequent relaxation runs 
until they reach a steady-state condition.  The decrease of the residual stress and the 
amount of relaxation result from some fraction of the first stress relaxation being due 
to viscoplasticity.  When the film has both viscoplastic and viscoelastic stress 
relaxation components, the residual stress cannot fully recover to its original value 
after stress relaxation.  Figure 3.5 shows that after the first relaxation, the film has a 
lower residual stress (σ0 = 198 MPa) than the starting residual stress at 215 MPa.  The 
residual stress drops to 189 MPa at steady state and now shows full stress recovery as 
expected for viscoelasticity.  Also, the amount of relaxation, or modulus decay, drops 
from 15 % in the first run to a consistent value of 6 % at steady state.  The relaxation 
at steady state is less than in the first run since there is only a viscoelastic contribution 
to the relaxation at steady state, while there are both viscoelastic and viscoplastic 
contributions in  the first run.  This observation suggests that the plastic relaxation 
can be a serious concern for switches in the beginning.  Plasticity from the film 
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should be eliminated by exercising the film multiple times before switch operation.  
This will be beneficial for the performance of RF MEMS switches due to the decrease 
in the amount of relaxation.   
 
Figure 3.5 Residual stress, modulus, and 3 hrs modulus decay of composite 
Au/SiN at 20 ˚C from the first run to steady state condition.  
Figure 3.6 shows the time dependence of the relaxation results in terms of 
normalized modulus vs time for successive 3 hours relaxations, the final values of 
which were shown in Figure 3.5.  The normalized modulus of Au/SiN at the end of 
the first run is 0.848; at steady state it is 0.943.  When we remove the contribution of 
the SiN film, which is totally elastic, from the composite Au/SiN results, we obtain 
the normalized modulus of free standing Au film as noted in Eq. 3.3).  After the first 
run the normalized modulus is 0.70; after reaching steady state it is 0.886.  The 3 
hours modulus decay from the first run to steady state decreased from approximately 
30 % to 11 % as presented in Figure 3.7. 
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Figure 3.6 Relaxation of normalized modulus of composite Au/SiN at 20 ºC from 
the first run to steady state condition. 
 
 
Figure 3.7 Relaxation of normalized modulus of free standing Au at 20 ºC from 
the first run to steady state condition. 
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3.2.3 Temperature dependence on relaxation behavior of Au film 
Temperature is expected to influence relaxation behavior because relaxation 
mechanisms each have a characteristic activation energy that must be overcome for 
the mechanism to operate.  Once the relaxation behavior of the Au film tested at 20 
°C reaches the steady state condition, the temperature is increased to 50, then to 70 
and finally to 80 °C.  At each temperature pressure ramp and relaxation runs are 
carried out, one a day, until steady state is reached, as in the experiments at 20 °C.  
The experiments are done with the composite Au/SiN film.  Figure 3.8 shows 
pressure ramp results in each run carried out each day for Au/SiN providing residual 
stress and modulus.  Then Figure 3.9 shows relaxation of normalized modulus of 
Au/SiN for each temperature (20, 50, 70 and 80 ºC) versus time from the first run to 
steady state condition.  Similar behavior from the first run to steady state is observed 
at elevated temperature as it was seen at room temperature.   
 
Figure 3.8 Pressure ramp results in each run carried out each day on a single 
Au/SiN film providing residual stress and modulus. 
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Figure 3.9 Relaxation of normalized modulus of Au/SiN for each temperature 
(20, 50, 70 and 80 ºC) from the first run to steady state condition. 
The experimental results of composite films are converted to results for free 
standing films.  Only steady state results for each temperature are shown.  Figure 3.10 
shows the steady-state stress vs strain curves of the unloading segment for each 
temperature.  The slope and the y-intercept of the curves give the plane-strain 
modulus and residual stress, respectively.  The plane strain modulus, approximately 
95 GPa, close to the literature value, is nearly independent of temperature as expected 
since the microstructure of the film is unchanged.  However, as the temperature 
increases from 20 to 80 °C, the residual stress drops due to the difference of the 
thermal expansion coefficients of Si and Au.  The influence of temperature on the 
residual stress at steady state is shown in the Figure 3.11.  The plot shows that the 
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measured thermoelastic slope is higher than the expected value from the coefficient of 
thermal expansion (CTE) of Si, SiN and Au.  The expected value of thermoelastic 
slope is about -1.7 MPa/˚C, calculated by 
    
  
              
3.4) 
where MAu is the biaxial modulus of Au film, and αSi and αAu are the linear coefficient 
of thermal expansion (CTE) of Si and Au. 
  This error in the measured slope can be the contribution of plasticity in the 
film at each temperature.  After the plasticity is exhausted at the highest temperature 
(80 ˚C), we do the relaxation test again at 20 ˚C.  This method exhausts additional 
plastic relaxation in the film that could not be exhausted at lower temperatures, giving 
a more accurate measurement of purely viscoelastic behavior.  As a result of the 
plasticity exhausted at 80 ˚C, a decrease of residual stress of the film is observed at 20 
˚C.  The resulting thermoelastic slope of the film agrees very well with the expected 
value of -1.7 MPa/˚C. 
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Figure 3.10 Stress and strain curve of unloading segment at steady state of free 
standing Au for each temperature to determine plane-strain modulus and 
residual stress. 
 
 
Figure 3.11 Residual stress before and after exercising at 80 ˚C as a function of 
temperature. 
Figure 3.12 shows the normalized relaxation modulus of free standing Au at 
steady state for each temperature.  The effect of temperature dependence on 
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relaxation behavior of the thin film is evident.  The percentage of 3 hours modulus 
decay of the Au film is shown for comparison.  When the temperature increases, the 
amount of modulus decays increase from 11.37 % at 20 °C, to 16.73 % at 80 °C. 
 
Figure 3.12 Normalized modulus relaxation at steady state of free standing Au. 
Since the relaxation behavior of thin films has a complex time dependence, a 
Prony series (a sum of exponential decay functions) has been used to fit the relaxation 
curves.
7
  The form of normalized modulus function (N.M (t)) with a Prony series is 
given by 
              
 
   
    
 
 
    3.5) 
where Pi is i’th Prony constant and τi is i’th time constant. 
A four-term Prony series is used to fit the relaxation curve results.  For ease of 
comparison and to ensure sufficient weighting to achieve accurate fits at short times,  
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the time constants are fixed at τ=10, 100, 1000, and 10000 seconds.  The Prony 
constants are obtained by least square fitting of Prony series equations to curves of 
normalized modulus.  In Figure 3.13 the fitting curves are shown as solid lines 
overlaid on the normalized modulus results.  The relaxation data are fitted very well 
by the four- term Prony series model as shown in both linear and log time displays.  
The fitted values of the Prony constants for the Au film are listed in the Table 3.2.   
Note that the trend of the relaxation curves in the Figure 3.13 b) implies that there is 
still further relaxation that will occur in the Au film after 3 hours. 
 
Figure 3.13 Normalized modulus relaxation of free standing Au at steady state 
fitted with four-term Prony series model a) linear scale, b) logarithmic scale. 
 
 
Table 3.2 Prony series constants of Au film at steady state for 20-80 ºC.  
82 
 
3.3 Effect of V and V2O5 addition on stress relaxation of Au films  
It has previously been shown that solid solution and oxide dispersion 
strengthening can increase hardness while retaining reasonable electrical 
conductivity, and both methods are compatible with standard thin film processing 
techniques.
10
  These materials are therefore potential candidates to begin to 
understand the effects of alloying on stress relaxation.  The results below show the 
relaxation behavior of solid solution (AuV) and oxide dispersion (AuV2O5) 
strengthening at 5.4 at.% V.  The experiments are done in the same way as that used 
for Au at 20, 50, 70 and 80 ˚C.  Then the experimental results of the residual stress, 
plane strain modulus and normalized modulus relaxation of AuV and AuV2O5 films 
are determined and compared with the Au results.   
3.3.1 Relaxation behavior of AuV films 
Figure 3.14 shows the results of pressure ramp tests at each run from the first 
run to steady state of AuV/SiN.  It shows that the plane strain modulus has almost no 
change when temperature changes and is also close to the value of Au/SiN.  This is to 
be expected because the V content is quite low in the film and the modulus behavior 
is dominated by the Au matrix.  Figure 3.15 shows that several 3 hour relaxations are 
conducted and repeated until steady state for each temperature. 
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Figure 3.14 Pressure ramp results in each run carried out each day of AuV/SiN 
providing residual stress and modulus. 
 
 
Figure 3.15 Relaxation of normalized modulus of AuV/SiN for each temperature 
(20, 50, 70 and 80 ºC) from the first run to steady state condition. 
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Then the composite results are converted to results for free standing films.  
Figure 3.16 shows the normalized modulus of a free standing AuV film only at steady 
state for various temperatures fitted with a Prony series model.  Also, Table 3.3 lists 
the values of the Prony series constants used to generate these curves.  The 3 hour 
modulus decay of AuV films at 20, 50, 70 and 80 ˚C are 5.5, 8.7, 11.2, and 12.6 % 
respectively. 
 
Figure 3.16 Normalized modulus of a free standing AuV film at steady state for 
various temperatures fitted with a Prony series model. 
 
Table 3.3 Prony series constants of AuV film at steady state for 20-80 ºC. 
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3.3.2 Relaxation behavior of AuV2O5 films 
Repeated pressure ramp and relaxation experiments are conducted with 
AuV2O5/SiN specimens until a steady-state condition is reached, as has been done for 
Au/SiN and AuV/SiN.  Figure 3.17 and Figure 3.18 show the measurement of 
pressure ramp results in terms of residual stress and modulus, and relaxation results in 
terms of normalized modulus vs time.  Both results show multiple runs from the first 
run to steady state for each temperature. 
 
Figure 3.17 Pressure ramp results in each run carried out each day of 
AuV2O5/SiN providing residual stress and modulus. 
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Figure 3.18 Relaxation of normalized modulus of AuV2O5/SiN for each 
temperature (20, 50, 70 and 80 ºC) from the first run to steady state condition. 
Then the results of AuV2O5 thin films are converted to results for free 
standing AuV2O5 films.  Figure 3.19 shows the normalized modulus of a free 
standing AuV2O5 film at steady state for various temperatures fitted with a Prony 
series model.  Table 3.3 lists the four-term Prony coefficient values for the 
normalized modulus function of AuV2O5.  As seen in the Figure, the 3 hour modulus 
dropped by 4.22, 5.98, 8.01, and 9.25 % for 20, 50, 70 and 80 ˚C, respectively. 
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Figure 3.19 Normalized modulus of a free standing AuV2O5 film at steady state 
for various temperatures fitted with a Prony series model. 
 
 
Table 3.4 Prony series constants of AuV2O5 film at steady state for 20-80 ºC. 
 
3.3.3 Effect of V and V2O5 on stress relaxation 
In this part, the experimental results of the residual stress, plane strain 
modulus and normalized modulus relaxation of AuV and AuV2O5 films are compared 
with the Au results.  In order to observe the effect of V and V2O5 of Au films, all 
relaxation results are converted to results of free standing thin films at steady state.  
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Also, all plots compared here showing 3 hour normalized modulus depict a Prony 
series fit, rather than the raw data, for clarity.    
Measurements of residual stress and plane strain modulus of Au, AuV and 
AuV2O5 are presented in Figure 3.20.  The same general behavior is observed for the 
three different films.  The residual stress of the three thin films decreases with 
increasing temperature resulting in compressive stresses at some high temperatures, 
while the plane strain modulus is nearly temperature-independent.  
 
Figure 3.20 Pressure ramp results show residual stress and plane-strain modulus 
of Au, AuV and Au V2O5 at steady state. 
Figure 3.21 shows the Prony series fits to the time and temperature 
dependence of the normalized modulus for the three films in the same y-scale.  In all 
cases, it is observed that increasing the temperature produces larger modulus decay.  
The values of the 3 hour normalized modulus decays are given in Table 3.5.  The 
addition of V or V2O5 to the Au films clearly reduces relaxation.  While the 3 hours 
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modulus decays of Au over the 20-80 °C temperature range vary from 11.4-16.7 %, 
for AuV they decrease to 5.5-12.6 %, and for AuV2O5 they decrease even more to 
4.2-9.3 %.  The benefits of alloying are clear at all temperatures: even the 3 hour 
modulus decay of the AuV2O5 film at 80 ˚C is lower than that of pure Au at 20 ˚C.  
These results are clearly shown in Figure 3.22 for each temperature.  Both sets of 
alloy films greatly reduce the relaxation behavior of the Au film and AuV2O5 shows 
more significant reduction than AuV.  It is interesting to notice in Figure 3.23 that the 
dependence of 3 hours modulus decay on temperature for the three thin films shows 
almost linear trends.   
 
Figure 3.21 Normalized modulus of films at steady state for various 
temperatures fitted with Prony series model a) Au, b) AuV, and c) AuV2O5. 
 
Table 3.5 Three hours modulus decay of Au, AuV and AuV2O5 at different 
temperatures. 
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Figure 3.22 Comparison of relaxation modulus of Au, AuV, and AuV2O5 at each 
temperature (20, 50, 70 and 80 ºC). 
 
 
Figure 3.23 Temperature dependence of 3 hours modulus decay for Au, AuV 
and AuV2O5. 
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3.4 Activation energy and possible mechanism 
Several fundamental mechanisms have been identified for the observed stress 
relaxation of thin films, such as grain boundary diffusion,
88-90
 grain boundary 
sliding,
19
 power law creep,
39
 and dislocation glide.
9
  One of the methods to help 
identify relaxation mechanism for the observed viscoelastic behavior is extracting 
activation energy from the temperature dependence of some aspect of the relaxation 
behavior.  In this study, three different approaches have been utilized: Prony series, 
stretched exponential function, and a diffusion model. 
3.4.1 Prony series and the Arrhenius equation 
The Arrhenius relation is applied to individual components of the Prony series 
           
  
  
  3.6) 
where Pi is one of the four-term Prony series fitting constant, A is a pre-exponential 
factor, Q is the activation energy (eV), k is Boltzman constant (8.617 *10
-5
 eV/K), 
and T is the temperature (Kelvin).  Given this relationship, the slope of a plot of the 
natural log of a Prony constant vs 1/temperature is –Q/k.  The Prony series coefficient 
values of three thin films are represented again in Table 3.6 to calculate the apparent 
activation energy.  Figure 3.24 shows such a plot of the four Prony constants for each 
of the three different films.  The slopes of the four lines for a single film are not 
identical as they would be expected to be if there is a single temperature dependent 
process controlling the relaxation.  However, the variation is small so the average of 
the four slopes has been taken as the activation energy and the range of slopes is 
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indicated by the uncertainty given in Table 3.7.  The extracted activation energies for 
Au, AuV and AuV2O5 are approximately 0.07, 0.13, and 0.12 eV respectively.  These 
activation energies are small compared to the value reported by previous studies, all 
of which measured a combination of viscoplastic and viscoelastic relaxation.
5, 89, 91, 92
  
It is conceivable that viscoplastic relaxation mechanisms active in Au involve 
obstacles to dislocation motion that are associated with significantly greater activation 
energies than the mechanism responsible for viscoelastic relaxation. 
 
Table 3.6 Fitting Prony coefficients of Au, AuV and AuV2O5. 
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Figure 3.24 Logarithmic plot of Prony coefficient values as a function of the 
inverse temperature for 3 different films (a) Au, (b) AuV and (c) AuV2O5. 
 
 
Table 3.7 Activation energies of Au, AuV and AuV2O5 taken from average slope 
of linear fits from Figure 3.24. 
 
3.4.2 Stretched exponential function 
Relaxation behavior can also be described with a stretched exponential 
function rather than with a Prony series.  This equation is a time dependent 
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exponential function which differs from a simple exponential by having one 
additional parameter called the stretching exponent beta (β).  K is a rate constant, the 
reciprocal of a time constant.
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   3.7) 
K can be assumed to be temperature dependent in this expression
94
 and is 
given by K=K0·exp(-Ek/kT), where Ek is the activation energy, k is the Boltzman 
constant and T is temperature.  
Table 3.8 lists the parameter values (K and β) of the best-fit stretched 
exponential function for Au, AuV, and AuV2O5 which was used to match the 
relaxation curves.  Figure 3.25 shows the stretched exponential fits of three films to 
typical normalized relaxation curves.  The stretched exponential fit quality is not as 
good as that previously found for the Prony series, but the general temperature trends 
are still captured.  Activation energies can be deduced from plots of the natural log of 
K vs. reciprocal temperature as shown in Figure 3.26 for all three film types.  The 
activation energies deduced in this way are very similar to those deduced from the 
Prony series.  This is not surprising since the same data of time dependent normalized 
modulus is being used in both approaches. 
 
Table 3.8 Parameter fit of stretched exponential function for Au, AuV, and 
AuV2O5. 
95 
 
 
 
Figure 3.25 Normalized relaxation curves of Au, AuV, and AuV2O5 fitted with 
stretched exponential function. 
 
Figure 3.26 The activation energy extracted by stretched exponential function. 
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3.4.3 The diffusion mechanism model 
Since grain boundary diffusion is often associated with time dependent 
processes in thin films because of the relatively small grain sizes in such films, we 
examine the diffusion mechanism model proposed by Gan and Ho
95, 96
 as responsible 
for our observations of modulus relaxation.  These authors developed the model for 
stress relaxation based on the mass transport by diffusion along the free surface and 
the grain boundaries, but neglecting lattice diffusion and diffusion along the 
film/substrate interface.  Figure 3.27 schematically illustrates the model structure for 
a film consisting of two-dimensional grains of a constant length l with grain 
boundaries of height h perpendicular to the film/substrate interface.  The chemical 
potential is defined by the local curvature for the surface and the normal stress for the 
grain boundaries.  The gradient of chemical potential drives atoms to diffuse into or 
out of grain boundaries.  
 
Figure 3.27 Schematics diagrams of a thin film with grain boundary and surface 
diffusion. 
 However, in practice, surface diffusion is usually faster than grain-boundary 
diffusion.  Then with the assumption of infinitely fast surface diffusion and the 
kinetics is controlled by grain-boundary diffusion, their stress relaxation function is 
given by
21, 22
 
97 
 
                
 
  
 
      
 
  
 
       
 
   
 3.8) 
where     
      
                
     
  
  
  3.9) 
   where T is temperature, h is film thickness, l is grain size, QB is activation 
energy for grain-boundary diffusion, M is biaxial modulus, Ω is atomic volume, δB is 
grain boundary width, DB0 is pre-exponential factor for grain boundary diffusivity, σ0 
is the initial stress, and σ∞ is the zero-creep stress.   
The grain-boundary diffusivity at various temperatures can be obtained by 
fitting Eq. 3.8) to stress relaxation curves.  With the other parameters fixed, the grain 
boundary diffusivity, δBDB= δBDB0·exp(-QB/kT), is varied to minimize the error in the 
fitting curves.  Figure 3.28 shows an example of stress relaxation results of the Au 
film at 20 and 80 °C fitted with the diffusion model, in comparison with the 
experimental data.  The grain boundary diffusivity value δBDB of the Au, AuV and 
AuV2O5 at 20, 50, 70 and 80 ˚C are listed in the Table 3.9 with the film structure and 
material parameters.  Compared to the Prony series fits, the diffusivity model fits are 
very poor. Nonetheless, an activation energy can still be extracted. 
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Figure 3.28 stress relaxation curves of Au film at a) 20 and b) 80 °C.  The solid 
lines are fitted by the diffusion model. 
 
 
Table 3.9 parameter values of diffusional model for Au, AuV, and AuV2O5. 
With the relationship of the diffusivities and the Arrhenius equation, the 
activation energies are obtained from the slopes of plots of the natural log of 
diffusivity versus 1/T.  Figure 3.29 shows the activation energies extracted by the 
diffusion mechanism model.  The activation energies for Au, AuV and AuV2O5 are 
0.12, 0.09, 0.07 eV, respectively.  These activation energies are, again, all small -on 
the order of 0.1 eV.  
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We observe that almost all of the time dependence introduced by the diffusion 
model of Gan and Ho comes from the first-term time constant (n=1). The second term 
is reduced in importance by a factor of 25 by the denominator of the sum.  This is 
essentially the same as fitting the experimental modulus decay data with a single 
exponential decay as though it were a single term Prony series.  This is the reason for 
the poor fit that it provides to the experimental relaxation data as shown in Figure 
3.28.  If the model allowed for different diffusion coefficients (for example because 
of different grain boundary geometries) each of these could be represented by a 
separate sum and the fitting would become effectively a multiterm Prony series.  
 
Figure 3.29 The activation energies deduced by the grain boundary diffusivity as 
a function of temperature. 
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3.4.4 Relaxation mechanism 
In this part, we examine two possible  relaxation mechanisms of the thin films 
based on Frost and Ashby
5
: grain boundary diffusion and low temperature plasticity 
based on dislocation glide.   
The diffusion mechanism which is applicable for small grain sizes is 
discussed first.  The activation energies deduced in sections 3.4.1 – 3.4.3 above all are 
small, approximately 0.1 eV.  This value is extremely low compared with values for 
grain boundary diffusion from the literature.
5, 89, 91, 92
  It is approximately 10 times 
lower than the activation energy reported for diffusion in bulk Au.
5
  In Au films, 
Hummel and Geier reported the activation energy of 0.98 eV in the  temperature 
range of 260- 380 °C.
91
  Activation energies in the range between 0.35-0.6 eV were 
given for diffusion mechanisms in Au films above 100 °C.
89, 92
  Diffusion 
mechanisms are primarily active at high temperature.
5
  Also, when the diffusion 
models are applied to the relaxation curves as presented in section 3.4.3, the model 
does not provide a good fit to the experiment.  It is reasonable to conclude that grain 
boundary diffusion is not a dominant mechanism responsible for viscoelastic stress 
relaxation based on the low activation energy this study determined in the low 
temperature range of 20 -80 °C.   
Dislocation glide is another possible mechanism that is active at low 
temperature.  The movement of dislocations in low temperature plasticity is obstacle-
limited because of their interactions with other dislocations, solutes or precipitates, 
grain boundaries, or lattice resistance.
5
  It is helpful to use the activation energy to 
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characterize obstacles by their strength.  Weak obstacle strength (e.g. due to lattice 
resistance or solution strengthening) is defined when the activation energy less than 
0.2μb3 (where μ is the shear modulus and b is the magnitude of the Burger’s vector).  
Assuming a Burgers vector of 0.288 nm and a shear modulus of 27 GPa, 0.2 μb3 is 
approximately 0.8 eV.  Medium strength obstacles (forest dislocations or weak 
precipitates) are defined as 0.2-1.0μb3, or as large as 4 eV for Au.  Strong obstacles 
(strong precipitates or dispersions) have activation energies as large as 2.0 μb3, or 8 
eV for Au.  A weak obstacle strength is therefore in agreement with the activation 
energy in this study for all three materials despite the differences in composition.  The 
weak “obstacle” known as lattice resistance or Peierls resistance limits dislocation 
movement through interaction with the atomic structure itself, whereas solution 
hardening involves interaction with lattice distortions associated with solution atoms.  
In this study, an attractive possible mechanism which controls the dislocation 
velocity is known as the dislocation double kink mechanism.  Kinks are defined as 
steps of atomic dimension in the dislocation line that are fully contained in the glide 
plane of the dislocation.  A double kink is formed when two kinks of opposite 
character develop along a single dislocation.  Consider the movement of a dislocation 
line which is rigidly pinned in two points situated in the same Peierls energy trough 
as shown in Figure 3.30.  Double-kinks may be generated by several mechanisms 
such as the applied stress and thermal energy or the movement of the dislocations.  
The green circles symbolize the last atom on the inserted half-plane of an edge 
dislocation situated in the Peierls potential energy curve.  Dashed lines in the Figure 
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represent the potential energy of a dislocation along a close-packed direction in the 
lattice.  The activation energy of a double kink, which is approximately equal to 2Wk 
(where Wk is the energy of a kink), is given by
97
  
 
     
 
 
 
       
 
     
3.10) 
where λ ≈ b is the wavelength of the Peierls potential, which is similar to the Burgers 
vector b, σp is the Peierls stress, and W0 ≈ μb
2
/2 is the line tension of the dislocation.   
 
Figure 3.30 a) A dislocation segment rigidly pinned at the two points in the same 
Peierls energy trough, b) the advance of a dislocation through the Peierls 
potential by separation of the double kink in the dislocation.   
With the mixed action of a mechanical stress applied to the dislocation and of 
stresses coming from thermal fluctuations, a bulge (double-kink) appears on the 
dislocation.  Figure 3.31 shows the configuration of a dislocation segment moving 
forward by one step under the applied shear stress with double-kink generation.  The 
dislocation segment can be considered as a portion a dislocation loop pinned at a 
grain boundary.  Once a double-kink has been formed, the two single kinks can be 
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driven laterally spread out from each other, allowing the dislocation to pass one 
Peierls valley to the next causing the dislocation loop to expand.  It is believed that 
the thermally activated formation and propagation of a double-kink on a pinned loop 
under the action of an applied stress should lead to a relaxation effect in the bulge test 
with fixed strain over time.  If the applied stress is too small to cause dislocation glide 
without the assistance of thermal fluctuations, temperature and time dependence of 
the dislocation motion should result. As the loop expands, the resulting increase in 
line tension should provide an increase in resistance to further expansion, gradually 
decreasing the expansion rate and, therefore, the stress relaxation rate.  When the 
applied stress is removed, the line tension or elastic stored energy in the bulged 
dislocation loop will bias the motion of the dislocation in order to retract the 
dislocation loop to the original location.  If the dislocations fully return to their initial 
location then the material shows full viscoelastic recovery.  If there is some 
permanent displacement between the initial and final condition, perhaps associated 
with unpinning from the original obstacles or increased pinning due to interaction 
with other obstacles, the material shows some permanent viscoplasticity which is not 
fully recoverable, as seen in the experimental results above. 
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Figure 3.31 A schematic diagram showing the bowing out of a dislocation loop 
with several double kinks pinned at two point A and B with distance L apart on 
grain boundary. 
 
According to this model, the presence of solute atoms or oxide dispersion 
particles alters the pinning distance, the mean free path for dislocation glide, and the 
magnitude of the Peierls stress.  These changes should modify the resistance to loop 
expansion, but not the fundamental nature of the rate-determining obstacle (i.e., the 
lattice resistance). 
One of the best ways to prove that a double kink mechanism is responsible for 
our relaxation results would be by comparison of the activation energies of our Au 
and Au alloy thin films with double kink simulation or analytical models.  However, 
this is difficult because of the unavailability or uncertainty of the properties of solutes 
and dislocations, such as single-kink energy, Peierls stress, secondary Peierls barrier 
to kink migration, single-kink mobility, solute-kink interaction energies, solute misfit, 
etc.  Instead we can take two approaches to address the possible double-kink 
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mechanism.  First, we can compare of our activation energies with the known double 
kink nucleation energy for materials similar to Au.  Second, we can compare our 
experimental observation of rate and temperature dependence with the double kink 
simulation model.   
Firstly, based on the analytical double kink model developed by Hirth and 
Lothe,
98
 if the rate of the double kink nucleation limits the dislocation motion, the 
activation energy can be estimated to be approximately half of the energy of double 
kink nucleation.  Lytton et al
99, 100
 studied the low temperature creep of a single 
crystal of pure aluminum and reported an activation energy at 0.15 eV.  Similar 
values of activation energy for Cu and Al were experimentally measured at 0.1 and 
0.2 eV, respectively, for kink pair formation observed by internal friction 
measurement.
101
  It is reasonable to expect that the activation energy for Au is similar 
to that for other materials with structures similar to Au (i.e. FCC).  Also, based on Eq. 
3.10) for double kink formation, Q= 2 Wk, we can determine the Peierls stress (σp): 
 
     
  
  
   
 
    
 
3.11) 
Using Q ≈ 0.1 eV, λ = b= 0.288 nm, and μ = 27 GPa, the estimated Peierls stress is 32 
MPa.  This value is in good agreement with literature value of Peierls stress for FCC 
metals derived from experiment results, which vary from 20 to 30 MPa.
102
   
Second, a published dislocation double kink model is discussed to compare 
the model and experimental results.  One of the double kink models is proposed by 
106 
 
Deo et al.
103, 104
 They present a Kinetic Monte Carlo method for simulating 
dislocation motion in pure Ta and Ta alloys related to the kink model.  The model 
considers the motion of a dislocation on a particular glide plane, while the solute 
atoms are distributed in 3 dimensions.  There are two interactions: a short-range 
interaction between a dislocation core and the solute and a long-range interaction of 
solute misfit and dislocation stress fields.  The prediction of dislocation velocities is 
available for alloys in the effects of solute-core interaction energy, solute misfit and 
solute concentration.  In this study, the summation of the Prony series coefficients is 
used as overall measurement of the temperature dependence for comparison with the 
double kink simulation model.  Figure 3.32 shows the logarithm of the sum of Prony 
coefficient as a function of the inverse temperature for Au, AuV, and AuV2O5.  We 
found that the results in Figure 3.32 are consistent with double kink model predictions 
of the dependence on these parameters as follows. 
- Dislocation motion is thermally activated: stress relaxation is thermally 
activated. 
- The rate of dislocation motion decreases with increasing solute addition:  
AuV and AuV2O5 have lower rates at all temperatures compared to Au. 
- The dislocation velocity decreases with increasing dislocation-solute 
interaction energy and solute misfit: V2O5, which must have a much 
larger misfit than V, has a lower relaxation rate compared to AuV at the 
same % V. 
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Figure 3.32 The logarithmic plot of the sum of Prony coefficient as a function of 
the inverse temperature. 
 
3.5 Summary 
Pure Au, solid solution AuV, and oxide dispersion strengthened AuV2O5 films 
are fabricated by DC magnetron sputtering at 500 nm thicknesses.  The viscoelastic 
behavior of thin films of Au in comparison with thin films of AuV and AuV2O5 is 
investigated by using bulge technique.  Solid solution (V) and oxide dispersion 
(V2O5) additions to Au thin films significantly decrease the magnitude and rate of 
viscoelastic modulus decay compared to pure Au in the 20 to 80 °C temperature 
range.  The activation energies determined for modulus decay are small, on the order 
of 0.1 eV.  These small energies, the low temperature, and the relatively larger effect 
of V2O5 compared with V lead us to conclude that the most probable mechanism for 
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viscoelastic modulus decay in Au and in the alloys investigated is due to double kink 
generation and reversible motion of dislocations in these materials. 
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4. Validity of linear viscoelastic models for pure Au thin 
films 
It has been reported that the viscoelastic behavior of Au thin films is linear at 
room temperature after they have been conditioned so that all viscoplastic 
deformation has been exhausted.
4
  Additionally, the viscoelastic behavior is observed 
to be sensitive to strain rate.  However, it has not been reported whether the linear 
property is still true at higher temperatures or at different strain rates.  This study is 
designed to provide more experimental data of linear viscoelasticity of Au films by 
using gas pressure bulge testing at 20 and 80 ˚C.  The influence of strain rate on the 
viscoelastic behavior of Au films is also investigated in the range 10
-7
-10
-4
 s
-1
.  Most 
reports describing the stress relaxation in thin films ignore the initial loading period 
and the strain rate effects during it which might result in an error in determination of 
their mechanical properties.  The experiments presented in this chapter will address 
the impact of strain rate over more than three orders of magnitude and during the 
period of loading prior to the start of stress relaxation at constant strain.  Finally, the 
quantitative analysis of the linear viscoelastic model and superposition will be carried 
out to predict the time dependence of stress at different strain rates.  The goal of this 
work is to establish whether fully conditioned Au films are linearly viscoelastic, and 
if it is possible to predict the time dependent stress for different temperatures and 
strain rates in Au films that exhibit fully-recoverable viscoelastic deformation.  
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4.1 Linear viscoelasticity in Au thin film  
In order to investigate the linear viscoelastic behavior of Au thin films,    
stress relaxations at constant strain are measured at two different strain amplitudes by 
using gas pressure bulge testing.  It is noted that the tests are conducted on Au thin 
films on 210 nm tensile films of SiN.  Two temperatures of 20 and 80 ˚C are 
investigated.  The relaxation measurements have been made using the same 
experimental procedure as described earlier in which stress relaxation is followed for 
3 hours at a constant applied strain of 0.1 %.  This strain state is achieved following a 
pressure ramp from an initial applied strain of zero.  A “run”, a sequence of a pressure 
ramp and a relaxation test, is performed only once per day to allow the film time to 
experience full viscoelastic recovery at zero strain before the next run.  Such runs are 
repeated, one a day, until the film reaches a steady state condition.  The pressure ramp 
and relaxation testing results that will be presented here are only after the steady state 
condition has been reached. 
Figure 4.1 shows the time and temperature dependence of the normalized 
modulus of a Au film at 20 and 80 °C.  It is observed that as the temperature 
increases, the modulus decay increases.  Increasing the temperature from 20 to 80 °C 
causes the 3 hours modulus decay to increase from 5.4% to 8 %.  Also, shown in 
Figure 4.1 with the solid line is a four-term Prony series fit to the relaxation data 
given by 
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    4.1) 
The time constants (τi) are fixed at one per decade (10, 100, 1000, and 10000 
second).  The values of four Prony constants (Pi) at 20 and 80 °C are listed in Table 
4.1.  Figure 4.1 b) is plotted with a logarithmic time scale to clearly show the early 
time relaxation which is important in the next section to predict the time dependent 
stress. 
 
Figure 4.1 Relaxation modulus of the Au film at 20 and 80 °C at the constant 
strain 0.001. 
 
 
Table 4.1 Fitting Prony series constants of Au film at steady state for 20 and 80 
°C. 
Figure 4.2 shows the time dependence of normalized relaxation on a linear 
scale and a logarithmic scale when the pressure is applied to the Au film from zero to 
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the two different strain levels of 0.0005 and 0.001, then held at a constant value for 3 
hours for both 20 and 80 ˚C.  The identical behavior of the normalized modulus for 
the two different strain levels demonstrates linear viscoelasticity in the Au thin film. 
 
Figure 4.2 Normalized modulus of Au thin film at different strains of 0.0005 and 
0.001 at two temperatures (a) 20 °C and (b) 80 °C. 
 
4.2 Strain rate dependence of stress and stress relaxation 
 In order to examine the dependence of strain rate on the mechanical 
properties of a Au film, we apply five different pressures ramps to the Au film.  A 
pressure ramp up from zero to 100 torr and back to zero is carried out  at a rate of 8, 
4, 1, 0.25, or 0.025 torr/sec which correspond to  strain rates of 1.07x10
-4
s
-1
, 5.36x10
-5 
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s
-1
, 1.34x10
-5
s
-1
, 3.38x10
-6
s
-1
, and 3.36x10
-7
s
-1
 respectively.  Figure 4.3 shows a 
schematic plot of pressure versus time (solid line) corresponding to strain rate versus 
time (dashed line).  The strain is not quite linear with time, but it is adequately 
represented by a constant strain rate.  The strain rates are determined by the slope of 
strain with time on the loading part of each curve.  Also, Table 4.2 shows the value of 
strain rates corresponding to pressure rates.  It is observed that strain rates are simply 
the pressure rates times a factor.  The fastest strain rate is about 300 times the slowest 
strain rate.  
 
Figure 4.3 Pressure and strain versus time for different pressure rates from 8 
torr/sec to 0.025 torr/sec. 
 
 
Table 4.2 Value of strain rates corresponding to pressure rates shows the fastest 
strain rate is 300 times the slowest strain rate.  
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4.2.1 Effect of strain rates on pressure ramp results of Au thin film at 20 
and 80 ° C 
The pressure ramp test for different strain rates from 3.4x10
-7 – 1.07x10-4 s-1 
are applied to a Au film at 20 and 80 ˚C.  Figure 4.4 shows a set of stress-strain 
curves spanning the entire set of strain rates.  The unloading curves have been used to 
determine the residual stress, plane strain modulus, and stress at a strain 0.1 % in the 
Au film.  Table 4.3 lists the measured mechanical properties for 20 and 80 ˚C.     
 
Figure 4.4 Stress and strain curve of Au/SiN at 20 and 80 °C at different strain 
rates. 
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Table 4.3 Properties of Au film at steady state of 20 and 80 °C for different 
strain rates. 
In order to quantify the effect of strain rate on viscoelastic properties, the 
properties are plotted vs. the logarithmic strain rate.  Figure 4.5 shows the effect of 
strain rate on Au film properties at 20 and 80 °C.  The Au film at 80 °C shows the 
same behavior of strain rate dependence as at 20 °C.  The values of residual stress are 
similar for the different strain rates due to the original property of the thin film.  In 
contrast, the plane strain modulus and stress at any strain such as 0.1% are strain rate 
dependent.  As the strain rate decreases, the modulus and any specific stress decrease 
caused by relaxation are presented in Figure 4.5b) and c).  These results are consistent 
with Emery and Povirk’s results36, 37 for tensile behavior of Au films at room 
temperature.  Emery et al. reported that the properties of fine-grained Au films (grain 
size less than 500nm) have a dependence on the strain rate, in contrast with coarse-
grained Au films.  
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Figure 4.5 The effect of strain rates on Au film properties at 20 and 80 °C of a) 
residual stress, b) plane strain modulus and c) stress at strain 0.1%.  
 
4.2.2 Effect of strain rates on relaxation results of Au thin film at 20 and 
80 ° C 
At each strain rate, the 3 hour relaxation experiments are conducted until the 
Au film reaches a steady state condition - the completely recoverable, viscoelastic 
state.  The response during the loading for various strain rates are considered here for 
stress relaxation.  The overall relaxation experiment at different strain rates for 20 °C 
is shown on a linear scale and a logarithmic scale in Figure 4.6 and Figure 4.7, 
including the loading, relaxation and unloading segments.  Figure 4.6 b) and Figure 
4.7 b) focus on the relaxation part to clearly demonstrate the significant difference 
during the transition between the loading and relaxation segments.  The results are 
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shown on a logarithmic time scale since they are more clearly presented in the 
loading part.  First, the relaxation curves overlap to a substantial extent, and the 
degree of relaxation is the same after the full 3 hour-stress relaxation for each loading 
rate case.  Second, for the slow loading rate cases there are obviously “stress pop-
ups” at the point where there is a change from the loading segment to the relaxation 
segment.  However, this stress overshoot is quickly eliminated and the relaxation 
curve soon follows the same path as the other cases.  This is because a significant 
amount of relaxation has already taken place during the loading segment of the 
slower strain rate cases, so at the time when the loading-to-relaxation transition takes 
place the slow strain rates cases exhibit slower stress relaxation.  This behavior is also 
seen in 80 °C at two different strain rates of 10
-4
 and 10
-7
 s
-1 
as shown in Figure 4.8 
and Figure 4.9. 
 
Figure 4.6 Linear time scale of stress relaxation results at different strain rates 
from 10
-4
 – 3x10-7 s-1 at 20°C (a) overall relaxation and (b) only stress relaxation 
section. 
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Figure 4.7 Logarithmic time scale of stress relaxation results at different strain 
rates from 10
-4
 – 3x10-7 s-1 at 20°C (a) overall relaxation and (b) only stress 
relaxation section.  
 
 
Figure 4.8 Linear time scale of stress relaxation results at different strain rates 
from 10
-4
 –3x 10-7 s-1 at 80°C (a) overall relaxation and (b) only stress relaxation 
section. 
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Figure 4.9 Logarithmic time scale of stress relaxation results at different strain 
rates from 10
-4
 – 3x10-7 s-1 at 20°C (a) overall relaxation and (b) only stress 
relaxation section. 
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4.3 The time dependent stress determined by linear viscoelastic 
model 
Since the thin Au films exhibit linear viscoelasticity, we should be able to 
determine the time dependence of the stress for any time dependent applied strain 
using linear superposition.  Figure 4.10 shows strain versus time for the model used to 
evaluate the applicability of linear superposition to Au film viscoelastic relaxation.  
The experimental data of stress dependence in the first three parts (segment 1-3) is 
measured continuously during the 3 hour stress relaxation experiment.  During the 
recovery period (segment 4), the stress is determined by brief, individual, 
intermittent, strain ramp measurements that assess the time-dependent stress state.  
This approach is necessary because the film is flat when the applied strain is zero, so 
changes in stress cannot be evaluated by the bulge test. 
 
ε (t) = ε1·t/(t1-t0)         ; t0 < t ≤ t1            dε/dt = ε1/(t1-t0)     ; t0 < t ≤ t1                      
           ε1                           ; t1 < t ≤ t2                        0                 ; t1 < t ≤ t2 
          ε1 - ε1·t/(t3-t2) ; t2 < t ≤ t3                  -ε1/(t3-t2)    ; t2 < t ≤ t3 
          0                 ; t3 < t ≤ t4                        0               ; t3 < t ≤ t4 
4.2) 
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Figure 4.10 strain versus time for linear viscoelastic model. 
The stress as a function of time can be calculated by superposition as:  
                        
     
  
 
 
   4.3) 
where σ0 is the residual stress, ε0 is the instantaneous applied strain, 
     
  
 is the strain 
rate, and E(t) is time dependent modulus which is given by    
                
 
   
    
 
 
      4.4) 
where E0 is the instantaneous modulus of the films, Pi is i’th Prony constant and τi is 
i’th time constant. 
  The result is:   
Step 1: t0 < t ≤ t1 
           
     
  
                      
  
     4.5) 
Step 2: t1 < t ≤ t2 
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     4.6) 
Step 3: t2 < t ≤ t3 
 
         
     
  
                  
       
          
  
    
           
     
       
                               
       
           
4.7) 
The first section of Eq. 4.7 is equal to Eq. 4.6.  Thus, 
               
     
       
                               
       
     4.8) 
where σ2(t) is Eq 4.6 and it is function of time. 
Step 4: t3 < t ≤ t4   
 
               
     
       
                  
       
            
       
       
     
4.9) 
 
4.3.1 Simulation for multiple loading results 
By using the four-term Prony series derived from the experimental relaxation 
experiment associated with loading at 8 torr/sec, which provides the best available 
data for short times because it is the most rapid loading rate, we can predict stress as a 
function of time during loading and stress relaxation segments at other, lower, strain 
rates.  The relaxation function in the form of a Prony series for Au at 8 torr/sec was 
presented earlier in Figure 4.1 and Table 4.1.  The loading and stress relaxation are 
shown in experimental segments 1 and 2 in Figure 4.10.  Eq. 4.5) and 4.6), which 
correspond to the loading and relaxation parts, provide a model to simulate the time 
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dependence stress in the Au film if the starting conditions (σ0, E0 and ε1) are known.    
Using the Prony series for a Au film at 8 torr/sec, simulations for 5 experiments at 
lower strain rates have been carried out.  The comparison of the experimental and 
simulation results at 20 ˚C is given in Figure 4.11 and Figure 4.12 for linear and 
logarithmic time scales, respectively.  There is a good match of experimental data and 
simulation giving further verification that linear viscoelasticity is an appropriate 
description of Au film.  The same validity of the linear model is also applicable at 80 
˚C as shown in Figure 4.13 and Figure 4.14.  It is particularly noteworthy that the 
stress overshoot at the peak stress of each loading segment is captured by the simple 
superposition model without any need to resort to a special transient relaxation model 
that would pertain only to the initial loading behavior. 
 
Figure 4.11 Comparison of relaxation results on linear time scale at different 
strain rates at 20°C between (a) the experiment and (b) linear viscoelastic model. 
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Figure 4.12 Comparison of relaxation results on logarithmic time scale at 
different strain rates at 20°C between (a) the experiment and (b) linear 
viscoelastic model. 
 
 
Figure 4.13 Comparison of relaxation results on linear time scale at different 
strain rates at 80°C between (a) the experiment and (b) linear viscoelastic model. 
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Figure 4.14 Comparison of relaxation results in logarithmic time scale at 
different strain rates at 80°C between (a) the experiment and (b) linear 
viscoelastic model. 
The stress function of multiple loading process as presented in Figure 4.10 can 
be derived by using Eq. 4.5)-4.9).  Figure 4.15 and Figure 4.16 show the experimental 
data and the viscoelastic expectation for the stress during more complex imposed 
strain/time dependence including loading, constant strain, unloading, and recovery 
parts at 20 and 80 ˚C.  Accurate simulation of time dependent stress in thin films can 
be useful for structural devices, such as RF MEMS switches, to predict the 
mechanical effect under complex conditions.  For example, the restoring force in RF 
MEMS switch can be estimated using predictable time-dependent stress. 
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Figure 4.15 Comparison of experiment and simulation results for multiple 
loading parts at a strain rate of 10
-4
 s
-1
 at 20 °C including the recovery part 
shown in the inset. 
 
Figure 4.16 Comparison of experiment and simulation results for multiple 
loading parts at a strain rate of 10
-4
 s
-1
 at 80 °C including the recovery part 
shown in the inset. 
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4.3.2 Simulation for strain ramp results 
The linear model is also applied to simulate strain ramp results for comparison 
to the experimental results.  Figure 4.17 shows the experimental data and the 
viscoelastic expectation for the stress during a strain ramp at 20 °C for a) 8 torr/sec 
(strain rate 1x10
-4
 s
-1
) and b) 0.025 torr/sec (strain rate 3x10
-7
s
-1
). 
It is shown that the linear viscoelastic model provides an excellent fit to both 
simple and complicated loadings including relaxation and strain ramping which 
further indicates the linear viscoelastic behavior of the Au film. 
 
 
Figure 4.17 Comparison of experiment and simulation results for strain ramp 
results at the strain rate a) 10
-4
 s
-1
 and b) 3x10
-7
 s
-1
 at 20 °C. 
 
4.4 Summary 
 The Au thin films characterized in this study show linear viscoelasticity at 
both 20 and 80 °C after having been conditioned to remove all potential for 
substantial viscoplastic deformation.  The normalized time dependent modulus is 
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identical at two different strain levels, a basic requirement of linear viscoelasticty.  
Using this time dependent modulus in a superposition model of time dependent stress 
in response to a variety of different imposed time dependent strains, the simulation 
and the experimental results are in good agreement, providing further verification of 
the conclusion that the Au thin films are linearly viscoelastic. 
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5. The effect of solute concentration on relaxation behavior 
of AuV solid solutions 
It is known that solid solution additions can play a crucial role for 
strengthening of metals.  In bulk materials, increasing the concentration of the solute 
typically results in an attendant increase in yield and tensile strength.  The effects of 
concentration on mechanical properties of thin films have also been investigated to 
some degree.  However, there is still no information in the literature on the 
concentration dependence of relaxation behavior for solid solutions.  This study is 
designed to explore the effect of V concentration on sputter-deposited AuV films (at 
approximately 1 to 5 at % V) on relaxation behavior at 20, 50, and 80 °C.  AuV films 
with different concentrations will be compared in terms of normalized modulus or the 
3-hour modulus decay.  Since the solid solution strengthening mechanism is a major 
contribution to film strengthening and the primary viscoelastic stress relaxation 
mechanism active in Au is based on dislocation motion, it is expected that increasing 
V content in the AuV alloys will increase the relaxation resistance.  The degree of 
stress relaxation which relates to the strength of the materials should be dependent on 
V content.  The goal is to develop a quantitative model for the effect of solute 
concentration on relaxation of AuV films. 
5.1 Characterization of thin films 
AuV solid solution with different V concentrations were deposited and 
fabricated as 500 nm thick bulge samples, as described earlier.  The various 
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compositions of V were created by adjusting the power of the V sputtering gun.  The 
Au target gun was fixed at 150 watt and the power of the V target gun was varied 
between 0 watt and 120 watt.  The V content of each thin film was determined from 
SEM analysis in combination with EDS software.  Figure 5.1 shows the zoomed 
spectrum in the region of the V peak; the different area of each peak relates to the 
different compositions.   
 
Figure 5.1 EDS results for the set of AuV films show differences at the V peak 
related to the different V concentrations. 
The quantitative V content of each sample can be estimated by using the ratio 
of characteristic x-ray intensity of V peak area to that measured from the calibrated 
4.5 at. %V film, and the ratio should be equal to the ratio of V content.
105
  Following 
the k ratio formula, the results are shown in Table 5.1. 
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      5.1) 
where Ci = composition of sample (unknown), Cs = composition of standard, Ii = x-
ray intensity above background from the i’th sample, and Is = x-ray intensity above 
background from the standard sample.   
 
Table 5.1 Percent V content estimated by EDS software. 
SEM images show the grain size of the films in Figure 5.2.  By using the 
mean linear intercept method, the average grain size in AuV solid solution at 0, 0.89, 
2.2 and 4.5 at.% V are approximately 115, 110, 93 and 90 nm, respectively.   The 
decrease in grain size due to the addition of V is not very large in this study. 
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Figure 5.2 SEM images of pure Au and AuV at 0.89, 2.2, 4.5 at. %V. 
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5.2 Temperature dependence of relaxation behavior of AuV solid 
solution thin films 
In this part, we characterize the temperature dependence of viscoelasticity of 
sputter-deposited solid solution strengthened Au-V films with 0, 0.89, 2.2, and 4.5 
at.% V.  It is noted again that although all films in the experiment are composite films 
with a SiN layer beneath the metal, we convert the results of the composite films to 
free standing films by subtracting the elastic contribution of the SiN film.  Then, a 
four-term Prony series is used, with fixed time constants of 10, 100, 1000 and 10,000 
seconds, to fit the experimental results of free standing films.  All results after that are 
shown in terms of a Prony series fit, rather than the raw data, for clarity.   
For each film within the set of AuV films, the results are shown in two parts.  
The first one is the experimental results of relaxation curves showing the initial 
condition and steady-state condition at 20, 50 and 80 ˚C, in order.  At each 
temperature, repeated relaxation experiments are conducted until a steady-state 
condition is reached, as has been described before.  The second one shows only the 
steady-state relaxation curves for each temperature.  The steady-state relaxation 
curves are shown in terms of four-term Prony series fits, rather than the raw data. 
  
134 
 
5.2.1 Pure Au thin film 
 
 
 
Figure 5.3 Relaxation of normalized modulus of pure Au thin film for each 
temperature (20, 50 and 80 ºC) from the first run to steady state condition. 
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Figure 5.4 Steady-state relaxation curves for each temperature of pure Au film.  
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5.2.2 Solid solution of AuV 0.89 at. % 
  
 
 
Figure 5.5 Relaxation of normalized modulus of AuV 0.89 at. %V thin film for 
each temperature (20, 50 and 80 ºC) from the first run to steady state condition. 
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Figure 5.6 Steady-state relaxation curves for each temperature of AuV 0.89 at. 
%V. 
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5.2.3 Solid solution of AuV 2.20 at. %V 
 
 
 
Figure 5.7 Relaxation of normalized modulus of AuV 2.2 at. %V thin film for 
each temperature (20, 50 and 80 ºC) from the first run to steady state condition. 
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Figure 5.8 Steady-state relaxation curves for each temperature of AuV 2.2 at. 
%V. 
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5.2.4 Solid solution of AuV 4.50 at. % 
 
 
 
Figure 5.9 Relaxation of normalized modulus of AuV 4.5 at. %V thin film for 
each temperature (20, 50 and 80 ºC) from the first run to steady state condition. 
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Figure 5.10 Steady-state relaxation curves for each temperature of AuV 4.5 at. 
%V.  
 
5.2.5 Discussion of temperature dependence on AuV films. 
The important things that we observed for relaxation behavior of the set of 
AuV films are: 
1. Repeated relaxation experiments are required to reach a steady state condition in 
which there is only anelasticity for all AuV films at 20, 50, and 80 ˚C. 
The steady state results show that with increasing temperature, both the 
initial anelastic modulus relaxation rate and the overall amount of modulus decay 
increase.  Although all of the films reach a steady-state condition at each 
temperature, there is still further plasticity seen at the next higher temperature.  
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The amount of plasticity at the end of 3 hours from the first run to the steady-state 
run is shown in terms of the difference in the normalized modulus between steady 
state and that run.  A pure Au film is used as a representative example.  Figure 
5.11 shows that increasing the temperature to 50 and 80 ºC after the film had 
reached its limiting plastic deformation at a lower temperature enables additional 
plastic relaxation that was not accessible at the lower temperature in three hours.  
However, the additional plasticity at each higher temperature is much smaller than 
that at the lower temperature where it had been previously tested.  When most of 
the plasticity possible in a film already occurred at 20 ºC, only a small additional 
amount occurred at 50 ºC and a very small additional amount more at 80 ºC.   
The observation that there is more plasticity at low temperature than at 
high temperature in single temperature testing may be surprising.  Note in Figure 
5.11 that the film at higher temperature (80 °C after 20 and 50 °C) requires only a 
single run to reach a steady-state condition whereas multiple runs were required at 
low temperature.  This is evident also in the time dependence of the deformation 
as shown in Figure 5.12 which shows that reaching steady state is much quicker at 
the higher temperature.  It suggests that low temperature plastic deformation 
influences the amount of deformation that occurs at higher temperature, as though 
it were changing the material structure.  For example, if the mobile dislocation 
density decreased during the 20 and 50 C relaxations due to dislocation pinning, it 
is possible that the additional thermal energy associated with raising the 
temperature to 80 C reactivated only a small fraction of the pinned dislocations.  
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Figure 5.11 also shows the modulus change associated with viscoplasticity 
exhibited by a pure Au film tested immediately at 80 ºC without previous tests at 
20 and 50 ºC.  The total amount of modulus change (the sum of the modulus 
change in each run) is estimated from the graph.  While the total amount of 
modulus change due to plasticity of the film at 80 ºC after 20 and 50 ºC is about 
0.31, which includes the total plasticity at 20, 50 and 80 ºC, the total normalized 
modulus change of the film tested only at 80 ºC is only 0.18.  It is also interesting 
to note that the total normalized modulus change associated with testing 
immediately at 80 °C is smaller even than the change associated with testing only 
at 20 °C.  This could be related to the lower residual stress present at elevated 
temperature, but a clear relationship has not been demonstrated.  All together, the 
complicated viscoplastic relaxation behavior implies that there is not only a 
temperature effect on the extent of viscoplastic deformation, there is a thermal-
mechanical history effect as well.  
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Figure 5.11 Amount of plasticity in each run, from the first to the steady state 
condition of a pure Au film at successive temperatures of 20, 50 and 80 ºC and 
for a film tested only at 80 ºC. 
 
Figure 5.12 Time dependence of the amount of plasticity observed in the first 
run at each successive temperature in the Au film. 
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2. It is interesting to investigate the 3 hour normalized modulus as a function of 
temperature.  We observe in Figure 5.13 that the normalized modulus changes for 
all AuV thin films show almost linear trends.   
 
Figure 5.13 Temperature dependence of 3 hour normalized modulus for AuV 
films. 
3. While some applications like RF MEMS switches are modeled well by ideal 
stress relaxation conditions (stress change at constant strain), other applications 
may be closer in nature to ideal creep conditions (strain change at constant stress). 
Also, many prior studies of time-dependent deformation in bulk materials have 
been performed under creep conditions.  Therefore, in order to investigate the 
temperature dependence of creep properties at constant stress so that the strain 
rate can be predicted and compared to established creep models, we use steady 
state stress relaxation data to simulate anelastic creep curves.  Since the films 
have been proven to be linearly viscoelastic, a linear superposition model can be 
used to simulate the strain that would be present if a sample were strained at 
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constant stress (rather than stress relaxed at constant strain).  In order to generate 
the creep strain, additional incremental stresses must be added to a stress 
relaxation curve to maintain the film at a constant stress.  This is equivalent to 
performing a long series of brief strain relaxation experiments, each of which 
begins at the same stress.  The total creep at time t is therefore the product of the 
superposition of incremental stress and a general function of time.  If the time 
increments associated with the additional incremental stresses are very short, a 
reasonable representation of a creep curve should result.  Figure 5.14 shows 
predicted creep strain curves for a pure Au film at 20, 50 and 80 ˚C held at a 
constant stress of 100 MPa that were calculated according to this procedure. 
 
Figure 5.14 Temperature dependence of anelastic creep strain for a pure Au film 
generated from steady state stress relaxation data at a fixed stress of 100 MPa. 
Note that under creep loading conditions the strain continues to change at a 
significant rate even after 3 hours.  In fact, it appears that after the time 1-1.5 hours, a 
steady state creep rate is being established.  Based on the creep strain at constant 
147 
 
stress for each temperature as shown in Figure 5.14, the steady state creep rate is 
determined from the slope of creep versus time between one and three hours during 
which the rate of creep is approximately constant.   
 The equation governing the rate of steady state creep is  
 
                         
 
  
  
5.2) 
where Q = activation energy, n= stress exponent, A= constant, K is the Boltzman 
constant, and T is the temperature. 
This equation can be rearranged into the form: 
                     5.3) 
Given this relationship, if the stress is kept constant and the temperature 
varied, the activation energy Q can be determined by plotting the natural log of creep 
rate against the reciprocal of temperature.  
All stress relaxation results of AuV films are converted to creep strain versus 
time with a fixed stress at 100 MPa and the approximate steady-state creep rate 
determined.  The temperature dependence of the creep rate is plotted as the natural 
log of creep rate vs. reciprocal temperature (1/T) in Figure 5.15.  The plot shows a 
definite temperature dependence and the activation energies extracted from the slope 
are also extremely small, in the range of 0.04-0.11 eV.  These are consistent with the 
activation energy values found by the temperature dependence of the stress relaxation 
Prony coefficients.  This is not surprising since the creep data is derived directly from 
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the stress relaxation data, and should therefore show the same fundamental 
temperature dependence. 
 
Figure 5.15 Natural log of creep rates vs. 1/T for AuV films.  
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5.3 Effect of V on relaxation behavior of Au thin film 
Since the addition of vanadium is associated with increased relaxation 
resistance or normalized modulus, it is expected that the strength of relaxation should 
be dependent on V concentration.  The effectiveness of the solid solution is shown in 
terms of 3 hour normalized modulus at 20, 50, and 80 ˚C.  The dependence of V can 
be shown for relaxation at a steady-state viscoelastic condition.  The trends of both 
relaxation and creep strain rate with % concentration of V are established and a 
quantitative model is developed to predict these two relationships. 
5.3.1 At 20 ˚C 
 
Figure 5.16 The effect of V concentration on relaxation behavior of AuV solid 
solutions at 20 ˚C. 
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5.3.2 At 50 ˚C 
 
Figure 5.17 The effect of V concentration on relaxation behavior of AuV solid 
solutions at 50 ˚C. 
5.3.3 At 80 ˚C 
 
Figure 5.18 The effect of V concentration on relaxation behavior of AuV solid 
solutions at 80 ˚C. 
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5.3.4 Discussion of concentration dependence on AuV films 
Based on the normalized modulus results of the films during three hours of 
relaxation, we observe that the solid solution strengthening mechanism is a major 
contributor to reduced stress relaxation.  The relaxation resistance increases with an 
increasing concentration of V.  At each temperature, a concentration dependence of ~ 
C
1/3
 (where C is the V concentration) for the relaxation at a steady-state viscoelastic 
condition has been established as shown in Figure 5.19. 
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Figure 5.19 Concentration dependence of 3 hour normalized modulus for each 
temperature at steady state. 
Also, we determine the creep strain rates as a function of concentration for a 
set of AuV films at 20, 50 and 80 ˚C.  First, the creep strain curves of the AuV films 
are determined based on the stress relaxation curves, as described before.  Figure 5.20 
shows an example of creep curves of AuV films as a function of time at room 
temperature.  The steady-state creep rates are found by taking the linear portion of the 
creep strain vs time.  Figure 5.21 shows the concentration dependence and estimated 
creep strain rate at three different temperatures of 20, 50, and 80 ˚C.  A C1/3 
dependence has been shown to match the creep behavior of AuV solid solution films, 
as expected from the concentration dependence of stress relaxation behavior.    
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Figure 5.20 Concentration dependence of creep strain for a set of AuV films at 
room temperature converted from stress relaxation at fixed stress 100 MPa. 
 
Figure 5.21 Concentration dependence on creep strain rate of AuV films at 20, 
50, and 80 ˚C. 
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5.3.5 Modeling of creep strain rate 
It is proposed that a dislocation-based mechanism involving the nucleation 
and movement of double-kinks is the most likely mechanism responsible for the 
observed viscoelasticity for pure Au and AuV solid solution films.  A quantitative 
model of the rate-equation for dislocation glide plasticity is
5
  
 
        
  
 
        
   
  
     
  
  
   
 
   
5.4) 
where     is shear strain rate, 
σs is shear stress which is related to the tensile stress (σ1) by σ1/√3, 
    can be treated as a constant and obtained by fitting data from experiment, 
ΔFp is activation energy,  
τp is the flow stress at 0 K or the stress forcing the dislocation through the 
obstacle with no help from thermal energy,   
μ is the shear modulus, and 
 p and q are parameters which show the measured strength of material varies 
with temperature. 
In order to determine τp, the stress properties of the films are required.  In the 
case of a metal thin film with small grain size, the yield stress (σYS) is given by 
                    5.5) 
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where σYS is often approximated as 1/3 of the hardness measured by 
nanoindentation.
106, 107
  Hardness results of AuV films as a function of V 
concentration are available from the measurements of Bannuru.
10
  
σi is some intrinsic flow stress of a film, which is approximately √3·τp 
σHall-Petch related to the grain size effect property in which the Hall-Petch      
relationship is k·d
-0.5
,
 
where d is grain size and k is a material constant coefficient.  
The literature value
108, 109
 of the Hall-Petch coefficient for Au is about 3 GPa(nm)
-0.5
. 
Then, all parameters can be calculated to determine τp by Eq. 5.6) and 
presented in Table 5.2. 
  
 
          
     
5.6) 
 
Table 5.2 Estimated value of flow stress for AuV films. 
Based on creep rate equation for glide (Eq 5.4), the experimental data for a 
pure Au film at a creep strain rate of    = 10-9/s is compared with the prediction of Eq 
5.4), with various combinations of p and q.  An analysis of the predicted contour for 
creep rate at    = 10-9/s is plotted with a normalized shear stress and homologous 
temperature map as shown in Figure 5.22.  It justified the best choice of p and q at 1 
and 2, respectively, for the best fit.  Table 5.3 lists the parameters used for the 
prediction creep rate at 10
-9
/s. 
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Figure 5.22 Predicted contour for    = 10-9/s for creep rate of dislocation glide 
equation, compared with the experimental data for pure Au film. 
 
Table 5.3 Material parameters of Au film for creep rate equation at 10
-9
 /s 
With the parameters of Au obtained by fitting data to Eq 5.4) compared to the 
experiment, we now have the values of   p, p, and q at 0.0017 sec
-1
, 1, and 2, 
respectively.  Then we can develop a quantitative model for the effect of %V on the 
creep rate as a function of stress and temperature.  Figure 5.23 shows the values of 
creep strain rate derived from a stress relaxation experiment compared with the creep 
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rate simulation derived from Eq 5.4) at a tensile stress of 100 MPa at room 
temperature for AuV films.  The agreement between the quantitative model and 
experiment is reasonably good.  This implies that the procedure for converting stress 
relaxation rate to creep strain rate is appropriate under the conditions established for 
the AuV films studied here. 
 
Figure 5.23 Deduced the creep rate as a function of stress and temperature from 
creep rate equation of dislocation glide, compared to the creep rate from stress 
relaxation experiment. 
 
5.4 Summary 
The effect of V concentration on AuV films (at approximately 1 to 5 at %V) 
on relaxation behavior at 20, 50, and 80 ˚C is investigated using gas pressure bulge 
testing.  It is found that increasing the concentration of the V improves the relaxation 
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resistance of Au film at all temperatures.  Both initial and steady-state normalized 
modulus are well described by a concentration dependence of   
   
.  
Creep strain curves are simulated based on experimental viscoelastic stress 
relaxation results using Boltzman superposition.  The creep rates derived from creep 
curves show temperature dependence related to steady state creep rate equation.  The 
activation energies estimated from the temperature dependence of the creep rate are 
extremely small which are in good agreement with the temperature dependence of 
Prony series coefficients.  The results also show that even the trend of the creep rate 
on V concentration is proportional to   
   
. 
Furthermore, a quantitative model of rate-equation for dislocation glide is 
developed to predict the creep rate as a function of stress and temperature for AuV 
films.  A rate-equation for a dislocation-based mechanism model is fitted to the 
experimental data.  From the data we could determine the variable parameter of p and 
q to be 1 and 2 which gives the best fit.   
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6. Grain size effect on relaxation behavior of Au films 
It is well known that the size of the grains in a metal influences the 
mechanical properties.  Typically, a fine-grained material is stronger than a coarse-
grained material due to greater interactions between dislocations and grain 
boundaries.  Increasing the grain size results in a decrease of flow stress as shown in 
the Hall-Petch equation.  If dislocation motion is the primary mechanism of stress 
relaxation then a small grain size would be expected to have less relaxation.  But, if 
grain boundary diffusion plays a role then the opposite should be true.  However, it 
seems that the effect of grain size on stress relaxation in Au films over the range of 
temperatures of interest has not been reported.  In this chapter, a series of pure Au 
films is fabricated to explore a range of grain sizes by controlling the substrate 
temperature during deposition.  Time and temperature dependence of stress relaxation 
in pure Au films with different grain sizes will be investigated over the range of 20-
80 °C.  The goal of this work is to establish trends in relaxation with grain size and 
temperature.  The expectation is that faster stress relaxation will be observed at larger 
grain size, consistent with a dislocation-based mechanism. 
6.1 Characterization of Au thin films deposited at different 
substrate temperatures  
A series of Au thin films with various grain sizes was fabricated by DC 
magnetron sputtering from a single target of Au.  Films with various grain sizes can 
be fabricated by controlling the substrate temperature during deposition from room 
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temperature to 400 ˚C.  Increasing the substrate temperature during deposition is 
known to strongly affect the grain size of Au thin films.
14
  For fabrication of Au films 
at elevated substrate temperature it is important to omit the Ti adhesive layer to avoid 
diffusion of Ti into the Au.  Ti diffusion into Au changes the microstructure of the Au 
as can be observed in SEM images in Figure 6.1.  Without the presence of the Ti 
layer, it is quite impossible to keep the Au film attached on the substrate during 
immersion with KOH.  Therefore, the Au films in this study are deposited on the SiN 
on fully etched Si dies, not partially etched Si as was used earlier.  
 
Figure 6.1 SEM images show the Au film at elevated temperature a) with Ti and 
b) without Ti as adhesive layer. 
Scanning Electron Microscopy (SEM) is used to investigate the grain size of 
the Au thin films.  Magnification at 50X is used for the comparison.  The results are 
in Figure 6.2.    
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Figure 6.2 SEM images show the different grain sizes of Au thin films deposited 
at different temperatures. 
Two methods are applied to estimate the grain size of the thin films.  The first 
is the mean lineal intercept method following ASTM standard E112-88.  The second 
is done with the software program called Image J.  All boundaries can be revealed 
clearly by producing SEM images, then tracing the boundaries out manually using a 
transparent film and a felt pen.  The resulting drawing can be processed by using the 
two mentioned methods as presented in Figure 6.3.  The relationship between the 
substrate temperature and the average grain size based on the average of the two 
methods of pure Au thin films is shown in Figure 6.4.  The grain size of Au is 
obviously increasing with increasing substrate deposition temperature.  An attempt 
was made to fabricate a series of AuV and AuV2O5 films with the various grain sizes 
for comparison to the pure Au.  However, large grain sizes could not be achieved in 
the Au alloy films because the alloying elements interfere with normal grain growth 
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by decreasing grain boundary mobility.  Although the films were deposited at 
temperatures up to 300 ˚C, the grain size increase is relatively small compared to pure 
Au films as shown in Figure 6.4.  Annealing after deposition also had little effect on 
grain size for the alloy films. On the positive side, these findings indicate that the 
grain size in Au alloy films will be very stable over time, and thus any benefits 
associated with small grain size will be retained even if the films are exposed to 
elevated temperatures. 
 
Figure 6.3 Grain size measurement by using a) linear intercept method and b) 
software program of Image J.  
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Figure 6.4 The relationship of average grain size of pure Au and Au alloy thin 
films and substrate temperature. 
 
6.2. Temperature dependence of relaxation behavior of Au films 
with different grain sizes  
Various substrate temperatures not only influence the grain size but also the 
residual stress of the films.  In bulge testing, the residual stress is measured by a 
pressure ramp before doing a 3 hour relaxation experiment.  The residual stresses in 
the pure Au films are shown in Figure 6.5 as related to the substrate deposition 
temperature.  The residual stress at room temperature increases from 37 MPa to 110 
MPa as the substrate temperature during deposition increases from room temperature 
to 400 ˚C.  As seen in this plot, there are two stages to the increase.  The residual 
stress increases quickly when the substrate temperature increases from RT to 100 ˚C.  
At higher temperatures the residual stress is almost constant, increasingly only 
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slightly when the substrate temperature is higher than 100 ˚C.  This behavior indicates 
that there probably is plastic yielding when the stress is greater than about 90 MPa 
during cool down after deposition leading to a nearly constant residual stress level 
determined more by the plasticity than by the maximum substrate temperature. 
 
Figure 6.5 The relationship between substrate temperature during deposition 
and room temperature residual stress in pure Au thin films. 
Temperature dependence of viscoelastic behavior in the set of Au films with 
different grain sizes is characterized by stress relaxation measurements using bulge 
testing, as before.  The results below show only the steady-state condition of free-
standing films after exercising the films multiple times.  At each grain size, 
normalized modulus as a function of time is plotted with a Prony series fit at 20, 50 
and 80 ˚C. 
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Figure 6.6 Steady-state relaxation curves for each temperature of Au at RT 
substrate temperature (d= 60 nm). 
 
 
Figure 6.7 Steady-state relaxation curves for each temperature of Au at 100 ˚C 
substrate temperature (d= 240 nm). 
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Figure 6.8 Steady-state relaxation curves for each temperature of Au at 200 ˚C 
substrate temperature (d= 460 nm). 
 
 
Figure 6.9 Steady-state relaxation curves for each temperature of Au at 300 ˚C 
substrate temperature (d= 570 nm). 
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Figure 6.10 Steady-state relaxation curves for each temperature of Au at 400 ˚C 
substrate temperature (d= 605 nm). 
The temperature dependence of relaxation behavior is the same for all Au 
films with various grain sizes.  Increasing temperature from 20-80 ˚C increases the 
amount of relaxation in the films.  However, it can be observed that the temperature 
dependence on relaxation more strongly affects the larger grain sizes as shown by the 
slope of the Figure 6.11.  
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Figure 6.11 Temperature dependence of Au with various grain sizes on 
normalized modulus. 
 
6.3. Effect of grain size on relaxation behavior of Au thin films 
We have seen that grain size affects relaxation behavior.  Faster stress 
relaxation is observed at larger grain size which is consistent with the dislocation-
based mechanism described before.  There is an unexpected result for the relaxation 
of Au at D=605 nm compared to Au at D= 570 nm since the relaxation of Au at D 
=605 nm is higher than relaxation of Au at D =570 nm.  The reason remains unclear 
at this point.  Figure 6.12-Figure 6.14 show that the larger grain size leads to more 
relaxation not only at room temperature (20 ˚C) but also at the higher temperature (80 
˚C).  At higher temperature there is a more rapid increase in the amount of relaxation 
with grain size.  Thus, while Au with larger grain size can provide better electrical 
conductivity, it may be detrimental to the performance of a switch, particularly at 
elevated temperature. 
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Figure 6.12The effect of grain size on relaxation behavior of Au films at 20 ˚C. 
 
 
Figure 6.13 The effect of grain size on relaxation behavior of Au films at 50 ˚C. 
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Figure 6.14 The effect of grain size on relaxation behavior of Au films at 80 ˚C. 
 
Consistent with a dependence of relaxation rate on grain size, the three-hour 
normalized modulus of the films is also dependent on the grain size (D).  Figure 6.15 
shows the grain size dependence of the three hour normalized modulus is proportional 
to D
2
. 
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Figure 6.15 Grain size dependence on normalized modulus of Au films. 
We can also determine the creep strain and steady state creep rate of Au films 
from relaxation measurements at fixed strain assuming linear viscoelastic behavior.  
The creep strain can be seen from the amplitude of the creep curve y-axis and the 
steady state creep rate can be estimated from the slope.  Not surprisingly, the amount 
of creep and the steady state creep rate are also found to increase with increasing the 
grain size, particularly at elevated temperature, consistent with the relaxation 
behavior.  Figure 6.16 shows calculated creep curves for Au films with various grain 
sizes at 20, 50 and 80 ˚C. 
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Figure 6.16 Simulated creep curves from relaxation measurements for Au films 
with various grain sizes a) 20 ˚C, b) 50 ˚C and c) 80 ˚C. 
 
6.4. Summary 
Au films with various grain sizes are fabricated using different substrate 
temperatures during sputtering.  The viscoelastic behavior of these pure Au films with 
different grain sizes is investigated over the temperature range of 20-80 ˚C.  All of the 
films show a similar temperature dependence.  Increasing the temperature increases 
the amount of relaxation of the films.  It is found that there is an effect of grain size 
on the normalized modulus and creep rate as a result.  Increasing the grain size results 
in a decrease of normalized modulus and an increase in relaxation rate, particularly at 
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the highest temperature.  These results agree with a dislocation-based mechanism, 
where the grain boundaries can be a barrier to dislocation loop movement or can act 
as sources for dislocations that provide backstresses that limit loop expansion.  The 
trend of normalized modulus (N.M) with grain size (D) was shown to be proportional 
to D
2
. 
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7. Activation volume and dislocation mobility in viscoelastic 
behavior of Au and Au alloy thin films. 
In previous chapters (Chapter 3), the activation energy of the stress relaxation 
process was determined so that a likely viscoelastic stress relaxation mechanism 
could be identified.  The activation energy has a direct physical interpretation in the 
case of stress-assisted, thermally activated movement of a dislocation.  In order to 
move from one metastable equilibrium position to another, a dislocation must pass 
through a higher energy state, the magnitude of which is determined by the nature of 
the obstacle that creates the energy barrier.  At higher temperatures, thermal energy 
provides significant assistance to a dislocation overcoming the activation barrier and 
so the plastic strain rate (or the stress relaxation rate, in our case) is higher than at 
lower temperatures.  Experimentally, the activation energy, Qe, can be related to the 
strain rate and the temperature by
110
 
 
     
  
     
  
 
 
 
7.1) 
The applied stress plays a critical role in overcoming the activation barrier, 
and can alter the activation enthalpy of the barrier.  A related thermodynamic quantity 
called the experimental activation volume, Ve, has therefore been defined to 
characterize this dependence in terms of the strain rate at constant temperature.
110
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7.2) 
As shown by Eq. 7.2, the activation volume is proportional to the work, W, 
needed to move a dislocation segment of a certain length forward by a certain 
distance.
111
  While the activation volume does not always have a clear physical 
meaning, it may sometimes be interpreted as the product of the Burgers vector of the 
dislocation and the area swept out by the movement of a dislocation from a 
metastable state to the activated state.
111
 
Activation volume can be measured by observing the changes in strain rate 
and the changes in stress that occur during a single stress relaxation experiment.  This 
analysis of the changes, however, gives only the “apparent” activation volume (Va).  
In order to determine the “true” or “physical” activation volume (V*) it is necessary to 
remove the effects of machine stiffness and strain hardening.  This is usually done by 
performing repeated stress relaxation tests and then analyzing the relationship 
between the change in applied stress at each transition and the ratio of the strain rate 
at the end of one relaxation test and the strain rate at the beginning of the next 
relaxation test.  
One advantage to characterizing the activation volume in addition to the 
activation energy is that the activation volume can be used to estimate the dislocation 
velocity (v) and mobile dislocation density (ρm) as well as the nature of the obstacle 
involved in the glide process.  In principle, this allows a comparison to published 
results of these quantities for other materials.  However, based on a survey of the 
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literature, the activation volume and mobile dislocation density have previously been 
determined in bulk materials and in nanoscale materials during plastic deformation 
using measurements performed in the plastic regime (i.e., after the yield stress has 
been exceeded).  None of these studies consider viscoelastic stress relaxation at low 
stress.  The strain used in the present study is in the range of viscoelastic behavior, 
not plastic deformation.  In addition, we note that many of the publications report the 
activation volume only for pure metal films such as Ag,
83
 Ni,
73
 and Cu,
112
 so it is 
interesting to extend the experiments to other materials such as alloy metals.  It has 
been recognized that alloy films can achieve higher relaxation resistance than pure 
metals.  In this study, two strengthening mechanisms, AuV solid solution and 
AuV2O5 dispersion, are investigated as alloys and compared with pure Au. 
With this in mind, in this chapter additional bulge experiments with sputtered 
Au and Au alloy films are performed using repeated stress relaxation in order to 
determine the apparent and physical activation volume, and density of mobile 
dislocations.  The purpose of the present study is to determine these quantities in Au 
and Au alloy films at different test conditions in the range of viscoelastic behavior, 
thereby providing the first data of this kind. The influence of parameters such as 
applied stress, temperature, alloy composition and grain size on activation volume 
and mobile dislocation density are examined.  This study will provide the 
groundwork for a deeper understanding of viscoelastic relaxation behavior and its 
mechanism. 
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7.1 Repeated stress relaxation 
As described in section 1.3.5, repeated stress relaxation is one type of 
transient mechanical test that can be used to determine the activation volume and 
provide the mobile dislocation density.   
The procedure of repeated stress relaxation used in these experiments starts 
with a pressure ramp to measure the residual stress and the modulus of the film, and 
to identify the pressure required to produce a strain of either 0.001 or 0.002.  This 
pressure is needed to establish the constant strain in the first of the repeated relaxation 
cycles.  Following this preliminary ramp test, four cycles of repeated stress relaxation 
and reloading are conducted.   
In each cycle, the pressure is applied to bulge a sample until it reaches a 
desired strain, then strain is kept constant and stress relaxation is measured over time.  
In this study, the constant strain for the first cycle is chosen as either 0.001 or 0.002 
which is in the range of viscoelastic and viscoplastic behavior.  The strain magnitude 
is chosen to give sufficiently large stresses to cause measurable relaxation.  The stress 
decay during this first constant strain period is observed over a time interval of 200 
seconds during which the stress decays by Δτ.   The sample is then reloaded by 
increasing the gas pressure to produce the same stress level as at the beginning of the 
first constant strain period and then allowed to relax again over a 200 second time 
interval.  Naturally, this means that the constant strain values changes from one 
relaxation cycle to the next.  The stress relaxation of the sample is repeated for a total 
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of four cycles of 200 seconds.  Following the four cycles of repeated relaxation a 
three hour relaxation is carried out.  This whole sequence is called a run. 
Following the first run, the sequence is repeated several times in order to get 
rid of the viscoplastic component of the relaxation as described previously.  Such runs 
are repeated at a rate of one run per day, allowing the film about 21 hours to recover 
viscoelastically at zero strain following the run, until the film reaches a steady state 
condition at which the film shows only viscoelastic response.  From this type of 
experiment, we can observe the development of the film from the first run, which 
contains viscoelastic and viscoplastic components, to a run at a steady state condition 
which is only viscoelastic.  In each run only the first 200 sec cycle of the four 
repeated stress relaxations is used to determine the apparent activation volume.   It 
gives the same result as we obtain if we use the first 200 sec of our data on 3 hour 
relaxations from Chapter 3-6.  All four cycles of repeated stress relaxation are used to 
determine the physical activation volume from the change in relaxation rate 
immediately before and after each increment in the stress. 
Repeated stress relaxation experiments on sputtered Au, AuV and AuV2O5 
films are carried out under different test conditions as shown in Table 7.1.  The strain 
values in the table are those applied during the first stress relaxation cycle in the 
sequence of four in a single run.  The microstructures of the investigated films are 
determined by SEM images as presented in Figure 7.1.  
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Table 7.1 The conditions of repeated stress relaxation testing of Au and Au alloy 
films.  
 
 
Figure 7.1 SEM images and estimated grain size of Au, AuV and AuV2O5 thin 
films. 
The data for the final run (when the film has reached steady state) of repeated 
stress relaxation for Au and Au alloy films are shown in Figure 7.2.  Other, earlier, 
runs of repeated stress relaxation show similar trends.  It is observed that the stress in 
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each film at the beginning of the first 200 sec stress relaxation is different due to 
differences in residual stress.  Figure 7.2a) shows the Au with large grain size at two 
different strain levels.  The stress drop at a strain of 0.002 is larger than at a strain of 
0.001.  However, the modulus decay for these two strain levels is identical at steady 
state because the response is linear viscoelastic.  For example, in Figure 7.2a), the 
large grain Au is initially strained to 0.001 (at stress level 178 MPa).  The first 
relaxation cycle starts at stress level 178 MPa, and decreases over a time interval of 
200 sec, by 3 MPa.  Then, the film is reloaded to the same stress level, 178 MPa, and  
relaxes by  1.3 MPa during the second 200 sec, then reloaded to 178 MPa again, etc. 
(for four cycles).    
  Comparing the Au, AuV and AuV2O5 results in Figure 7.2b), AuV2O5 has the 
least amount of stress relaxation, as expected, while Au exhibits the most stress 
relaxation in each cycle.  During consecutive relaxation cycles, we observe a 
continuing decrease in stress drop (Δσi) with increasing number of relaxation cycles 
for both Au and Au alloy films.  This can be seen from the horizontal dashed lines in 
Figure 7.2.  As the relaxation cycles continue, it is reasonable to assume that the 
dislocation velocity and mobile dislocation density are becoming smaller.  Very little 
stress relaxation is observed in either pure Au metal or alloys in the last relaxation 
cycle. 
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Figure 7.2 Repeated stress relaxation curves at steady state showing four cycles 
with time interval of 200 second a) large grain Au  and b) Au, AuV and AuV2O5. 
 
7.2 Activation volume results and discussion 
7.2.1 Apparent activation volume 
              The apparent activation volume (Va) can be determined from the first stress 
relaxation cycle of 200 sec of each run using
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7.3) 
where    is the decay of shear stress as a function of time (t), and Cr is the time 
constant.  A 200 second time period was chosen for each cycle, since this is the time 
over which there is a good fit for only one time constant in the natural logarithmic 
expression of apparent activation volume in Eq 7.3).  The first 200 sec relaxation 
cycle from every run from the first run until the final run at steady state is used to 
determine the apparent activation volume.  Figure 7.3 shows an example of 
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determining Va by the fitting curve (solid line) of stress decay during the first 
relaxation cycle of 200 second at steady state condition (run4) at room temperature of 
large grain size Au (605nm), giving Va ~ 336.5 b
3 
(b: Burgers vector).  The time t= 0 
of stress decay is taken at the beginning of stress relaxation at the first cycle.  The 
fitted time constant is 5.5 second and Δτ is about 2.1 MPa. 
 
Figure 7.3 Example of the fitting curve of the first stress relaxation for apparent 
activation volume in Au.  
At steady state condition, we can choose the fitting of the first 200 sec 
relaxation from repeated stress relaxation experiments or the beginning 200 seconds 
of a 3 hour relaxation to determine the apparent activation volume.  They give 
essentially the same results.  The relationship of stress decay between the 3 hour 
relaxation experiment and repeated stress relaxation of the Au film including the 
fitting of apparent activation volume and the fitting curve by the Prony series for the 
3 hour relaxation is shown in the Figure 7.4. 
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Figure 7.4  Repeated stress relaxation and 3 hour stress relaxation including the 
fitting of apparent activation volume of Au film. 
Following Eq. 7.3, the apparent activation volume for viscoelastic stress 
relaxation of Au and Au alloy films is obtained by fitting stress vs. time plots.  The 
results are shown in units of b
3
 as a function of run number in Figure 7.5.  The 
measured activation volume has a small increase with increasing run number.  This 
trend is due to the smaller decay of shear stress with increasing run number as 
viscoplastic deformation capacity is being lost while the films are getting to the 
steady state.  This implies that the average area swept out by the moving dislocations 
is increasing as viscoplastic deformation is decreasing, perhaps because those 
dislocations associated with the smallest activation volumes (the shortest glide 
distances) are becoming permanently pinned by strong obstacles.  There is a large 
variation in apparent activation volume at steady state, with an average of 
approximately 330 b
3
 and a range of ±210 b
3
. 
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Note that the observed Va values in this study are much higher compared to 
the typical values in other research efforts that are primarily concerned with behavior 
of nanocrystalline metals near yielding, i.e., shortly after the onset of plastic flow.  
Values in the range of 12-50 b
3
 have been reported for these materials.
78, 112
  This 
difference is because the change in stress in our study at the first relaxation cycle is so 
small by comparison.  The stress drops for our Au and AuV2O5 films in the initial 
strain of 0.001 or 0.002 are about 4.7 and 2.3 MPa respectively, while the published 
stress drops for post-yield tests of the aforementioned nanocrystalline metals are 70-
100 MPa when the initial strain is set to 0.008.
78, 112
  On the other hand, values 
reported for bulk materials with large grains can be on the order of 1000 b
3
.  Our 
grain size is in between the reported bulk and nanocrystalline metal ranges so it may 
make some sense that our activation volume parameter fall in between if the grain 
boundaries play a role in the stress relaxation process as was suggested in a prior 
chapter.   However, it is difficult to draw any conclusions because the initial strain 
conditions are very different. 
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 Figure 7.5 Apparent activation volume as a function of run number for Au 
and Au alloy films.  
Considering the steady state condition (run4), the values of activation volume 
are approximately inversely proportional to the stress decay (Δτ) in Eq.7.1.  The 
difference in the fitted time constant has only a minor effect.  The trend of 200 sec 
stress drop with apparent activation volume is shown in Figure 7.6 : the lower Δτ, the 
higher Va. 
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Figure 7.6 A plot of apparent activation volume at steady state vs. stress decay 
(Δτ) of Au and Au alloy films.   
 
7.2.2 Physical activation volume   
  To separate the contributions of the dislocation velocity (v) and mobile 
dislocation density (ρm) to the strain rate based on the Orowan Equation,
81
 the 
physical activation volume (V
*
) is determined by 
 
     
    
    
    
 
  
 
7.4) 
where      and      are the initial and final shear strain rates measured at the onset of 
stress relaxation cycle 2 and the end of stress relaxation cycle 1, respectively, when 
the shear strain is increased suddenly by  as the applied pressure is increased.  
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The physical activation volume V* determined by Eq.7.2, which depends on 
the ratio of the relaxation rate before and after the stress increment Δτ is plotted in 
Figure 7.7.  The differences in physical activation volume from one material to 
another and from one run to another are small compared to the apparent activation 
volumes shown in Figure 7.5.  Of particular note, the physical activation volume 
values are all in a similar range, especially when the films are close to steady state 
condition (40b
3
±25). This similarity implies that the same fundamental viscoelasticity 
mechanism is active for all of the Au and Au alloy films during the testing. 
 
Figure 7.7 Physical activation volume as a function of run number for Au and 
Au alloy films. 
Continuing to compare the trends of apparent and physical activation volume, 
we observe in Figure 7.8 that both Va and V
*
 increase with a decrease of fixed strain 
in the films.  Also, Au with the larger grain size and Au alloys have larger activation 
volumes than Au with normal grain size.  The trend of both values is probably due to 
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the applied stress.  The value of Va and V
*
 are inversely related to the applied stress, 
and hence also to the magnitude of the stress relaxation.  Figure 7.8 shows a clear 
decrease of activation volume with increasing applied stress which is consistent with 
the behavior seen when a metal deforms plastically by a dislocation mechanism.
113, 114
  
This implies that a dislocation mechanism not only occurs during plastic deformation 
but also during viscoelastic deformation.  
 
Figure 7.8 Apparent and physical activation volume as a function of applied 
stress. 
Multiple-cycle stress relaxation experiments were performed at 80°C to assess 
the effect of temperature on activation volume. The results in Figure 7.9 indicate a 
decrease of the apparent activation volume and the physical activation volume with 
increasing temperature.  The dependence of apparent and physical activation volume 
on Vanadium concentration and on grain size is shown in Figure 7.10 and Figure 
7.11, respectively.  Activation volume increases with increasing V concentration, and 
thus with increasing alloy strength, but also increases with increasing grain size, 
which probably implies decreasing strength.  This shows that the activation volume is 
not a simple function of the metal yield strength, but instead depends on a 
combination of factors.  For example, the initial total dislocation density and initial 
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mobile dislocation density values are likely to be different in each of the films in a 
way that is difficult to predict based purely on the composition and the prior 
processing conditions. 
 
Figure 7.9 The effect of temperature on activation volume for Au thin films. 
 
 
Figure 7.10 The effect of alloy compositions on activation volume of Au alloy 
thin films. 
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Figure 7.11 The effect of grain size on activation volume for Au thin films. 
 
7.3 The density of mobile dislocation results and discussion 
The mobile dislocation density (ρm) during the first stress relaxation can be 
determined by
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7.5) 
where ρm0 is initial mobile dislocation density, β is defined as   
 
     
  , K is 
the strain-hardening coefficient, M is the elastic modulus of the specimen-machine 
system, and Ω is the ratio of Va to V
*
.  The elastic modulus of the specimen-machine 
system, M, is roughly approximated by the elastic modulus of Au because the bulge 
system is very stiff compared to the film being tested.  The parameter Ω is available 
from the experimental data.  However, K is not known for the materials being tested 
191 
 
here.  The strain hardening coefficient describes the potential for a change in flow 
stress with a change in plastic strain (i.e., a change in dislocation density).  It is a 
function of material constants such as the stacking fault energy which, itself, is a 
function of composition and atomic structure.  A significant difference in strain 
hardening capability might be expected for the films being evaluated in this study.  In 
order to evaluate the change of dislocation mobility in our Au and Au alloy films, the 
sensitivity of the calculation to K must therefore be determined.  The strain-hardening 
coefficient for Au and its alloys, which cannot be determined directly by the bulge 
test, is likely to be in the range of 100-30,000 MPa. 
Figure 7.12 shows the evolution of mobile dislocation density with time in 
pure Au deposited at room temperature during 200 seconds of relaxation based on 
Eq.7.5.  Four curves are plotted assuming four different strain-hardening coefficients 
that represent the entire range of probable behavior.  Although the higher the strain-
hardening coefficient, the larger the value of ρm/ρm0, the dependence of mobile 
dislocation on K is relatively small and can safely be ignored. 
The general trend seen from this analysis is that the mobile dislocation density 
is greatest at the beginning of the relaxation test and decreases very rapidly over time. 
After 200 sec the fraction of dislocations that is still mobile is very small, on the order 
of 2%.  The rapid decrease of ρm at the early stage of relaxation correlates well with 
the high rate of reduction of the effective modulus which is the fastest at the 
beginning of a relaxation test.
4
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Figure 7.12 The mobile dislocation density as a function of time assuming 
various strain-hardening coefficients (K) for Au films deposited at room 
temperature. 
Figure 7.13 shows the mobile dislocation fraction at the end of the first 
relaxation (t=200 sec) for all films derived from different K values.  This plot 
provides the estimated upper and lower limits of the possible mobile dislocation 
density of the Au and Au alloy films.  For example, for pure Au deposited at room 
temperature the value of mobile dislocation fraction after 200 sec is between 
approximately 1.5% and 1.8% when tested at 20°C while and between approximately 
5.5% and 6.3% when tested at 80°C. Regardless of which K value is assumed, the 
order of the films is consistent.  Since the mobile dislocation density has only a small 
dependence on K and all Au films are expected to have a relatively small K,
89
 a single 
K value may be assumed for the purpose of drawing conclusion.  Figure 7.14 
therefore shows the comparative results of mobile dislocation density fraction for Au 
and Au alloy films as a function of time at a K value of 1000 MPa. 
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Figure 7.13 The estimated value of the mobile dislocation density at t = 200 
seconds assuming various value of K for Au and Au alloy films. 
 
 
Figure 7.14 Comparison of mobile dislocation density as a function of time for 
Au and Au alloy films when K is reasonably estimated at 1000 MPa. 
The curves for all of the Au and Au alloy films show a similar trend in which 
the mobile dislocation fraction decreases very rapidly at the beginning of relaxation.  
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The alloy films experience the fastest change in mobile dislocation density, leaving 
few mobile dislocations to participate in further stress relaxation after a short time.  
The mobile dislocation density fraction remains relatively high in the pure Au 
(especially at 80°C), consistent with the tendency of these films to experience 
significant relaxation for a longer time than the alloy films.  The higher mobile 
dislocation fraction in the pure Au at a given time could be due to either a lower rate 
of dislocation pinning or a higher rate of dislocation nucleation.  We assume, 
however, that at the low stresses imposed in our viscoelasticity studies the nucleation 
rate is very low so we attribute the differences in dislocation density among the films 
to differences in the rate of pinning.  In all cases, continuing relaxation deformation 
causes more pinning of dislocations and so hardening occurs due to exhaustion of 
mobile dislocations.  Presumably, the pinning rate is greatest for the alloy films, the 
films with smaller grains, and the films tested at lower temperatures.  Conversely, 
film purity, large grain size, and elevated temperature appear to discourage rapid 
pinning.  
The magnitude of V
*
 can also be used to obtain insight into the rate-
controlling deformation mechanism.  Based on our V
*
 values, grain boundary 
diffusion (Coble creep) and grain boundary sliding can be ruled out.  For these 
mechanism, V
*
is expected to be a very small value, probably less than b
3
.
79, 112
 The 
calculated V
*
 of our Au films is closer to that of the dislocation glide seen in 
nanocrystalline and ultra-fine grained (sub-um) metal films, for which the value is 
between 1b
3
 and 100b
3
.
79, 115
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However, the trend with grain size is the opposite of that reported for FCC 
nanocrystalline Cu. In that case, a Hall-Petch type relation was found in which 
increasing grain size was associated with decreased activation volume.
112
  The 
plasticity mechanism proposed for the nanocrystalline Cu treated the grain boundary 
as a source for dislocations that interact according to a Hall-Petch type mechanism.
112
  
For this mechanism, larger grains are associated with smaller activation volumes.  In 
our case, the activation volume increased with increasing grain size. 
Instead of a Hall-Petch type of trend, the results of our dislocation density 
analysis are consistent with the proposed mechanism that we described before in 
which dislocations pinned at grain boundaries bow out by a double kink nucleation 
and propagation process.  A dislocation loop will expand by separating a double kink 
under an applied stress.  When the applied stress is removed, the line tension of the 
dislocation loop will bias the motion of the dislocation loop back to the original 
location.  Viscoelasticity occurs when the dislocation loops can return to their original 
size, and thus be fully recoverable.  Larger grain size may be associated with greater 
distances between loop pinning points so that larger areas may be swept out by 
propagating dislocations. Viscoplasticity occurs when there is some final 
displacement of dislocation loops that thus cannot be fully recoverable, perhaps 
through the pile-up model proposed for nanocrystalline Cu.  This demonstrates the 
uniqueness of the viscoelasticity process observed in the current study. 
Activation volume has also been measured for plasticity in nanocrystalline Ni. 
The high exhaustion rate of mobile dislocation in our Au films is consistent with the 
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report of plastically deforming nanocrystalline Ni by Wang et al.
78, 79
  They proposed 
a possible process which involves the interaction of dislocations loop with grain 
boundaries.
116
  However, this mechanism calls for expansion of a dislocation loop by 
motion of the loop along the boundary that is dependent on a de-pinning process.   
The thermal activation of this process is associated with the de-pinning event and not 
with the expansion of the loop by double-kink formation.  It should be pointed out 
that in our discussion we did not make the assumption of de-pinning dislocations, 
since we believe the line tension in an expanding pinned dislocation will provide the 
bias on the motion of a dislocation loop needed to return it to its original location 
during viscoelastic recovery.  The proposed depinning process cannot account for 
viscoelastic deformation because there is no driving force for the pinning point to 
return to its original location.  There is no fundamental problem with both 
mechanisms being active, however, with pinned bowing as the dominant viscoelastic 
relaxation mechanism at low applied strains and de-pinning loop growth as the 
dominant mechanism at high applied strains (and perhaps during the viscoplastic 
relaxation seen initially at low strains in our tests).  Once again, it appears that there 
are fundamental differences between the viscoplastic deformation measured at large 
strains in nanocrystalline metals and the viscoelastic deformation measured at small 
strains in our Au films. 
The obstacles causing pinning of dislocations can be grain boundaries, solutes 
or oxide dispersions which can interact with the moving dislocations.  It can be seen 
that the fraction of mobile dislocations in pure Au is larger for a longer time than in a 
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Au alloy during the relaxation process.  The solute or oxide dispersion in Au alloys 
can be the main obstacles which can cause the pinning of dislocation and a 
corresponding decrease in mobile dislocation fraction and in the stress relaxation rate.  
Based on the results of dislocation mobility, the oxide particles in AuV2O5 can 
impede the dislocation motion more effectively than substitutional atoms of V in AuV 
solid solution. 
 
7.4 Summary 
We have studied the relaxation behavior of Au and Au alloy films by using 
repeated stress relaxation tests to determine the apparent and physical activation 
volume at different condition tests.  Results of both activation volumes show 
consistent trends.  Activation volume of the viscoelastic relaxation process is 
inversely proportional to the applied stress and temperature, while it increases with 
alloy concentration.  The rapid decrease of ρm is observed for all films which supports 
the fast relaxation in the effective modulus in the previous study.  The lower value of 
dislocation mobility of AuV and AuV2O5 compared to Au presents the effect of 
solutes or oxide particles to impede the dislocation motions.  We propose a 
mechanism based on a mobile dislocation loop with double kink generation emerging 
from a grain boundary as the possible rate controlling mechanism for viscoelastic 
deformation in Au and Au alloy films.   
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8. Conclusions and future work 
8.1 Conclusions 
It has been reported that stress relaxation in a metal membrane or bridge can 
increase the tendency for the mechanical failure of RF MEMS capacitive switches.  In 
order to reduce the probability of device failure due to stress relaxation, we have 
investigated the viscoelastic behavior of Au and Au alloy films by using gas pressure 
bulge testing in the range of 20 - 80 ˚C.  We observed that complete viscoelasticity in 
these thin films can be reached when the relaxation tests are performed multiple times 
to eliminate initial film plasticity.  AuV and AuV2O5 films exhibit more relaxation 
resistance than pure Au in the temperature range of 20-80 ˚C which makes them 
attractive as candidate membrane materials for improving the lifetime of switches.  
We also investigated some detailed factors that affect the material’s 
viscoelasticity.  Increasing the temperature increases the amount and rate of 
relaxation, and is therefore detrimental to RF MEMS reliability.  The effect of the 
concentration of dissolved solute is established to have a C
1/3
 contribution to stress 
relaxation from 20 – 80 ˚C, with increasing solute concentration leading to increasing 
relaxation resistance.  The grain size effect on the viscoelastic modulus is shown to be 
proportional to D
2
, with decreasing grain size leading to increasing relaxation 
resistance.  Alloying contributes to establishing and stabilizing a small grain size, so 
alloying has the potential to make multiple positive contributions to improving RF 
MEMS reliability. 
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The quantitative analysis of the viscoelastic model was used to predict the 
time dependent stress in thin films based on the proven linear viscoelasticity 
behavior.  The model provides an excellent fit for Au films with a complex loading 
history and has the ability to predict stress relaxation at other strain rates during 
loading. 
We proposed that a mobile dislocation loop pinned at its ends on a grain 
boundary and propagating under the influence of an applied stress by double kink 
nucleation is the most probable mechanism for relaxation in the Au and Au alloy 
films investigated at low strains.  This proposed mechanism is based on small 
activation energies of approximately 0.1 eV extracted from the temperature 
dependence of the relaxation rate over the temperature range investigated.  Also, the 
value of the activation volume and the high exhaustion rate of mobile dislocations 
determined by repeated stress relaxation tests are consistent with the dislocation-
based mechanism.  Critical differences between the viscoelastic relaxation observed 
in our films and the viscoplastic stress relaxation measured in nanocrystalline and 
ultra-fine grained metals were identified, motivating further study of the 
viscoelasticity process. 
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8.2 Future work 
This research includes the detailed study of time and temperature dependence 
of viscoelastic stress relaxation in Au and Au alloy thin films.  However, there is 
other work that can be done to advance the current understanding of stress relaxation 
behavior.  The list below shows the recommendations for future work. 
1. The effect of chemistry on relaxation behavior can be expanded to include 
other AuX solid solution alloys and to explore metals other than Au.  We have 
previously discussed that relaxation resistance can be enhanced by solid 
solution strengthening as we did with AuV.  Au films with different solutes 
should be fabricated and tested to characterize the solid solution hardening 
effect of different solutes.   In order to select a potential solute element other 
than V, we need to evaluate the hardening effect which is the combination of 
solute misfit and modulus change.  Based on specific hardening of Au alloys 
in Figure 1.6 in section 1, the hardening of AuV is found to be similar to 
AuZn and AuCd.  AuIn is a more attractive selection since it is expected to 
show large relative solid solution hardening based on the combination of 
solute misfit and modulus effect.  It is noted that we had a chance to 
investigate electrodeposited AuCo films, in collaboration with Purdue 
University.  However, these films have different parameters, such as thickness 
and preparation method, compared to our films and are probably not a very 
good choice for further study of fundamental relaxation processes.  AuIn 
should be the same thickness and use the same preparation method of 
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sputtering to simplify the comparison to AuV in the range of 20 – 80 ˚C.  
Based on the phase diagram of AuIn,
117
 the composition of AuIn alloys for the 
proposed study will be less than 8 at % to avoid any possible two-phase alloys 
or intermetallic compound formation.  Furthermore, we can choose to study 
interesting elements which are commonly used in MEMS switches other than 
Au, such as Al and Cu.
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  Pure Al, Cu and their promising alloys are also 
worth investigating for stress relaxation. 
2. Preliminary results describing the effect of grain size on activation volume 
were presented in the present study, but films with a wider range of grain sizes 
should be measured to conclusively determine if the behavior is opposite to 
that seen in nanocrystalline Cu films. 
3. Further study of some parameters that might influence the viscoelastic 
behavior of thin films, such as thickness or a wider range of temperature, 
should be investigated.  If dislocations contribute to the relaxation behavior as 
we described, the strength of the films should increase when the film 
thickness decreases due to constraints on dislocation motions imposed by the 
substrate.  The Au films can be fabricated by varying the thickness in the 
range of 100-4000 nm.  The maximum thickness of Au film is presently 
limited by the capability of our bulge system which can provide a maximum 
pressure at 600 torr, enough to produce a strain of 0.001 for 4000 nm Au film.  
The grain sizes of the film are most likely to be changed with the thickness.  
Anyhow, the comparison of thickness dependence of stress relaxation can be 
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compared with the same grain size based on our predictive results D
2
 for grain 
size on stress relaxation.   
Higher temperature of bulge test can be investigated to extend the 
experimental results.  Further investigation of the temperature capability of 
the bulge system at higher temperature must not damage the parts inside such 
as the o-ring seals that separate the vacuum and the pressure parts, plastic 
insulating rings or the wires inside the bulge system.  Also, the residual tensile 
stress of the film is one of the main considerations which limit the range of the 
highest investigated temperature.  If that temperature causes the film to buckle 
or wrinkle, the results might not be reliable. 
4. Comparing results from different types of mechanical testing.  Alternative 
testing methods, such as microtensile test or nanoindentation, should be tested 
to compare and check the consistency with our results from bulge testing. 
5. The most attractive thin films identified in this study, such as AuV or 
AuV2O5, are worth applying to actual MEMS switches and tested in a real 
switch configuration.  Also, it is useful to apply analytical modeling of 
viscoelasticity on restoring force in RF MEMS capacitive switches to simply 
predict the restoring force loss from stress relaxation and compare to pure Au 
films at different temperatures. 
6. Transmission Electron Microscopy (TEM) can be used to investigate the 
addition microstructure of the films, especially the cross section-view images.  
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These TEM images can tell us that the grains are formed in the columnar or 
equiaxed grains. 
7. The amount of plastic exhaustion or recovery should be investigated in terms 
of time and temperature dependence.  In the present research, we have focused 
on viscoelastic stress relaxation behavior of the films and very little on 
plasticity. 
8. If possible, a numerical technique, such as a kinetic Monte Carlo simulation, 
can be used to provide visualization of dislocation mobility on such 
parameters as stress, solute concentration and solute type.  The simulation 
results of the dislocations within the framework of the kink model can be 
compared with our results which can support or oppose our proposed 
mechanism of dislocation double kink mechanism. 
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